. \JSIONS

_ "The mid-channcl bar at RA{ 16.5 has formed upstream of a sharp bend in the bedrock-
~ived meandering channel, which under higher discharge conditions, causes backwaler thai
attens the encrgy gradient, and hence the ability of the Nlows I transport pravels and
bbles thgi were entsained farther upstream in renthes that are unaffecied by backwoter,
be behavior of the mid-channcl bar is similar to thot of a riffle in a pool-rilfle sequence.
nuing high flaws, velocily is greatest in the pools and lowest in the rifles which causes
rosion of previously stored sediments in the pool and depasition of sediment in the riffle.
wdee low Nlows, the velocity and sediment transport/storage palterns are reversed; the

wly become depositional siles and the previously deposited sediments on the riffles are
wided (Keller 1971). Dissection of the bas, during recessional Nows, maintains the
‘utinuily of conrse sediment transport within the canyon reach. Coarse sediments (gravels
nd cobbles) depasited an the mid-channel bar because of backwater conditlons, during one
‘th discharge event, ere entrained during both the lalting limb of the same event and on
w vising limb of the next event. Coarse sediment transport within the canyon seach is,
wicfare, an episodic phenomenon.

. Althiough dischotges greater than 10,000 cfs are respoasible for the formation of the

timary bar ll.ushing of fines to prepare the clean cobble substrate required for spawning
«! cgg adhiesion is an erosianal process that occurs during recessional flows. The flushing
aws al QM 16.5 are in the range of SO0 to 4,000 cfs depending on the location. As
i har;e is reduced the tailwater downstream is lowered and the hydraulic slope increases.
'msechion of the primary bar to form the secondary bar, and then dissection of the
sondury bar 1o form the riflles/tertiary bars In the branch channels resulisin s progressive
moval of the fines.
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SEDIMENT FLUX, FINE SEDIMENT INTRUSION,
AND GRAVEL PERMEABILITY IN A COASTAL STREAM,
NORTHWESTERN CALIFORNIA
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Randy D. Klein'

ABSTRACT

Water and suspended sedimen! dischasge {flux) and bed material propenties were
measured 10 documenl the downstream effects of fine scdimenl derived from highway
construction on a the sieam's physical characler relative Lo reproduclive success of anadromous
salmonids. Results indicated that unit sediment Nux (lonnes/km?) was al Jeast twice
as high in stream reaches which recelved sediment from the highway than in an upstream contro)
seach. Fine sediment (< 4.7 mm) which intruded Into anificlal redds ranged from 2.1% in 2
conlral reach (o 8.6% in the affected reach, but no difTerence In means of the two reaches was
observed. Subsurface gravel permeabllity measurements gave mized resulls, with no significant
differences between the affected and the control reaches at the end of the study period.
Regression analyses showed a dependence of fines intrusion on the amount of suspended
sediment flux and geometric mean diameter of the coarse grave) framework., Longiudinal
vatiability in fine sediment intrusion along the creek indicated o strong dependence of fines
Intrusion on proximity 1o upsiream tributary Inputs.

INTRODUCTION

The subsurface sireambed environment provides important habitat for many specles withia lbe
aguatic ecosysiem (Milhous 1982). Many salmonid species deposit their eggs within nests,

or “redds®, dug within riffles. Survival of salmonids through the egg and fry life stages is
dependent on 8 sultable hydraulic environment; one which provides an adequale flow of
oxygenated water through the zones where eggs and fry are located and allows emesgence of fry
10 the susface waler column. Intrusion of fine sediment may cause mortalily of eggs by reducing
gravel pesmeability (and subsequenily Intragravel flow rate), and of fry when emergence upward-
into the surface waler column s prevenied by near-surface sealing of® framework Intesstices

{Alderdice and others 1958; Cederholm and others 1983; Coble 1961; Tappe! and Bjomn 1983).

Whether intruding fines penetrate deeply and cause direct damage 1o eggs or form a near susface

sea) depends on the size of fines relative to the size of the framework panicles (Beschta and
Jackson 1979; Diplas and Parker 1985; Liste 1989).

Effects of fine sediment intrusion on reproductive success of salmonids has Jong been the subject
of studics from both the biological and physical science perspectives (Chapman 1988; Young and

'Geologlst, Redwood Natlonal Park, Orick, CA 95553, USA
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' _athers-1991). Numerous atiempts to identify diagnostic criteria for assessing the impacts of
¢levated wateeshed erusioa and sedimneatation rates on a fishery resaurce have met with mixed
suvcess, prohably owing to the large spatial and temporal varability in stream characteristics and
sprvies specific requirements for cgg incubation. Despite these cbstacles, this topic remains the
subiject of many studies because of dramatically declining populations of many wild stocks of
~monids and 2 continuing aced for practical methods of asscssing the health of aguatic
cvonystems and their sonsitivily to land use,

A large siate highway construction project in the coastal mountains of northwestern Califomia
(Vigure 1) contributed a relatively {arge pulse of fine sediment into the headwaters of Prairie
Creek in October, 1989, This paper reports resulls of measurements in water year 1991 of
physical stream processes related (o the Incident.

SIUDY AREA

- Prairie Creck, tribulary to Redwood Creek, is located in the coastal mountaing in the
nurthwestern comer of California, USA (Figuse 1), Most of the basin is undestain by the Gold
Hulfs formation, which consists of weakly consolidated marine sediments and fluvial sediments
hiom the ancicat Klamath River, Ia the southern portions of the basin, slopes arc undertain by
highly sheared Franciscan sandstones and mudstones. The mediterranean-type climate causes
must uf the precipitation to fall as rain, and when snow falls, it exists for only short periods
befure meliing.  Average annual precipitation is 26 cm;, most of which falls between Oclober
ad Apsil during inwense rinstorms.  Because of the temporal distribution of rainfall,
stcamflows are highly variable, raging aver five orders of magnitude in some years.

Ihe Prairie Creek basin area is about 100 km?, most of which consists of cld-growth redwood
furests within state and national parklands. Prairie Creck and its tributaries support both
anadromous and resident salmonid populations, and the habltat the creek provides for these
spwecics s especially valued because it is relatively unaffected by land use. State Highway 101
has traversed the basia as a two lane highway for decades. This route is located in the broad
wiraces adjacent to the main stem of the creek, and has had little influence on the stream. In
{UB4, construction began on a freeway bypass around the highway section in the upper two-
thirds of the basin (Figure 1). The bypass is 19 km long and traverses the headwaters of several

] i 2 &m
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A L& Highway 101 Bypass Alignment
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Catif., USA | ~ Brown

Stawe 101

Control Reach

| Prairic Creek to Redwood Creek

Tigure 3. Location map of study area in Prairie Creek.
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tributary basing in Prairie Creek. Large sediment m; occurred In the headwaters of severat

“tributaries from Brown Creek downstseam (Figure 13, Only minor sedimentation occurred above!

Brown Creek, consequently Prirde Creck above the confluence with Brown Creek was
determined 10 be the best avallable control reach for the study. Although the study of the
erosion event in Pralrie Creek has been ongoing since 1989 and includes several other aspects,
only resulis of physical monitosing from water yeas (WY) 1991 (October |, 1950, through
September 30, 1991) are presented here.

METHODS

Water and Suspended Sediment Transpost

Three gaging stations on the main channel of Prairie Creek (Figure 1) record siream stage

continuously throughout the rainy season. The lowest of these stations (PW, Figure 1), is af the
same location used for a similar purpose by Liste (1989). Discharge was recorded by
programmable daia recorders which also controlled automated water samplers (Eades and
Thomas 1983) which obuin water samples whea siormflows exceeded predetermined rates.
Suspended sediment discharge, or flux (tonnes), was calculated by integration of flow rate and
sediment concentration over the study period.

Bed Material Size and Fines intrusion

To provide an index of what might be occurring in natural salmonld redds, 20 artificia) redds
were constructed 1o mimic the physical characteristics of a natural redd as closely as possible.
Ten redds were constructed ia both the control reach above Brown Creek and the affected reach
below. The redds were distributed randomly along the two reaches, stratified Into sub-reaches
bounded on either end by tributary confluences. Pils about | m {n diameter and 0.5 m doep
were dug using shovels in likely spawning siles at riffle crests along the creck (Figure 2),

Previous sampling in Prairie Creck indicated particles finer than about 4.7 mm In diameter were -

absent from newly consirucied redds compared to adjacent samples outside of redds (dala on file
8t Redwood Natlonal Park, Orick, California). Accordingly, panticles fines than 4.7 mm were
sieved out of the excavated matertal to mimic the cleaning action of spawning fish (Kondotf
1988). Prior to replacing the cleaned gravel back into the pit, a collapsed Infiltratlon bag (Lisle
and Eades 1991) was placed Into the pit bottom. Backfilling the plt Included an attempt to
recreate an egg pocket near the base of the anlificlal redds, as Chapman (1988) noted the
imponance of this leature In siudies using artificial redds. Finally, the surface of the artificial
redds was shaped to mimie the pit and tailspil) features found oa a recently construcied natural
tedd (Chapman 1988).

The sampling period for the artificial redds spanned the incubation period for coho satmon
{Onchorynchus tshawyisha), as indicated by a hatchbox aperalion on Pralrie Creek. The redids
were construcled when coho were spawning, and the infiltration bag samples were removed
when eggs in the hatchboxes had batched. This period was from January 11 through Masch 24,
1991, Because Ihe study period only covered egp Incubation, these samples did not address
possible effects of fines intrusion on survival to emergence,

At the end of the sampling period, the iafiltration bags were winched up out of the streambed.
To avold winnowing of fine sediment fiom the samples by the sireamflow, the bags wene
winched up through a McNell (McNedl and Ahnell 1560) sampler on the streambed. The
material coarses than 8 mm in dlameter was field sleved, and the finer material was wet sieved
in the laboratory. Several gravel size indices were calculated from the sieve data. These were
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wwdian diameter (240), percent finer (by weight) than 4.7 mm and 2 mm, and geometric mean
diameter (D, afier Lotspeich and Everest 1981). Following guidelines from Wentworth (1926),
pasticle coarser than 128 mm in diameter were truncated prior to calculation of size indices.

v cxamine the dependence of lines intrusion on the variables measured, fines intrusion (pereent
by weight finer than both 2 mm and 4.7 mm) was regressed against unit suspended sediment flus
onncs/km’), Dy, and D, individually and against combinations of unit Auz with either size
mdea. Regression analyses were perforined on these data using linear regression procedures in
the SPSS statistical software package. In these regressions, sites from the affected reach were
lumped together with sites in (he control reach.

I'crmeability

In addition to placing infiltration bags into the anificial redds, plastic standpipes were also
placed in the 1edds above the center of the collapsed bag. Plastic standpipes 3.8 cm in diameter
with 3.2 nun diameter perforations In the approximate 20ne of egg laying depth (30 to 40 cm
below the surface). The pipes were modeled afler those used by Gangmark and Bakkala {1958)
lot measuring dissolved oxygen and apparent velocity in artificial redds. The cleaned gravel was
tackfilled around the pipe, and an atlempt was made to recreale an egg pocket composed of
voarser gravel and cobble particles (Chapman 1988) around the perforated zone.

Permeahility was measured using a modification of the lechnique developed by Terhune (1958),
whereby the rate of intragravel water Nowing into the pipe’s perforations was measured upon
development of 3 2.54 cm (one Inch) head using & vacuum pump. This yielded values of inflow
ale (mi/sec). While Terhune, and others subsequeally using his technique, reported actual
salues of permeability derived (rom a calibration curve relating permeability to inflow rate, the
licld values (inflow rate) are reported hete because the pipes used in this study have not been
«4librated to convert to vatues of permeability. In this sense, inflow rates are used as indices
of permeability. Inflow rates were measured at both the beginning and end of the study period
cach year.  Young and others (1989) found sampling error due to operator variability in
fermeability nicasurements taken using 2 hand pump. Use of an clectric, battery powered
vaciun pump in this study hope(ully avoided the problem, although this has not yet been
vvaluated.

KESULTS
Watcr and Suspended Sediment Transport

ihe lazgest storms of the season occurred during the study period. As shown, the largest peak
How was less than one-third of the estimated 2-year recurtence interval (RI) peak discharge.
Unit peaks (cms/km’) at all gages were quite timilar despite differences in drainage area.
Athough  suspended sediment may be transponed for many days following a high flow event,
noin-stotnflow transpont comprised only a small percentage of cumuladve flux, No mobitizatien
it the armored streambed occurred, except in the lawest part of the siudy area near PW, because
wf the Jack of higher flows. Following several of the larger events, however, localized
redistribution of coarse to fine sand was visually observed which Indicated this material had
woved as bedload.

Aithough unit peak flows (cms/km') were nearly identical at the three gaging stations, unit

aspended sediment fluxes (tonneg/km?) varicd widely. At PL, which Included sediment from
Muwn Creek, unit flur was neasly twice as high as the control. At PW, which Includes

216

sediment contributlons from Brown Creek and several other affected tributaries, unit flux was
more than fous limes greater than the control.

Table 1. Hydrologic and suspended sediment flux dala from WY91, Prairie Creek.

Gage* Drainage  2-Year Rl Peak Flow of Sediment Flux
Area Peak Flow Study Pericd over Siudy Period
(km?) (cms) {cms) (cmg/km’)  ({tonnes) (tonnes/km’)
PU 10.6 3.3 29 027 3 2.0
\ PL 16.6 14.5 48 0.29 64.9 39
053 Ae._pW NH 282 93 029 0.0 9.3

* designations refer to gaging stations shown In Figure L.
Bed Maieriat Size and Fines Intrusion

Table 2 summarizes streambed gravel framewark size Indices and fines Intrusion for the artificial
rodds. Two of the iwenty artificial redds (one each in both the conirol and affected reaches)
were eliminated (rom analyses because of disturbance by spawning flsh constructing natural
redds. The measures of central tendency (Dy, and D,) were quite large compared to sizes
teported in related literature.  This reflects the nature of the parent material, which, as
mentioned earlier, is composed of fluvial sediments of the ancient Klamath River which are aow
being rewarked by the much smaller Praitie Creck. Additionally, these parameters are greatly
affected by the diameler chosen for truncation (128 mm), which Is falily coarse. No significant
dilferences were detected beiween means of any particle size Indices fram samples In the contrl
and affected teaches using 2-lailed t-tests (p> 0.10).

Table 2. Particle size indices from artificial redds, Prairie Creek. Means of results from the
two reaches are shown. .
0%, fel Y @et

Reach Dy D, Percent Fines by Weight
(mm) {mm) <2 mm <4.7 mm

Control 49.3 43.0 9 35

Alfected 5.6 48.) 3.3 4.4

To illustrate spatial trends in fines intrusion along Prairie Creek, fines inlrusion rates were
plotted versus stream longitudinal distance (Figure 2). Clear associalions can be seen between
amounts of fines intruded and Jocations of the mouths of three tributasies which were affected
by erasion from highway construction activities. At sites immediately dowastream of Broww,
Big Tice, and Boyes Creeks, fines intrusion jumped selative (o siles upstream. Downstream
from cach of these tributasies, fines intrusion tapered off to fairly low amounts until the
conflluence with the next downstream tributary was encountered. .

From the regression analyses, the strongest relations were exhibited by regression of the two
definitions of fines vsed {<2 mm and <4.7 mm) on both suspended sediment flux (tonnes) and
Dy,. These two varizbles explained 58% of the variabillty in the <2 mm fines, and 56% of the
variabllity in the <4.7 mm fines which intruded Into the antificial redds (n==18) over the study
period, with suspended sediment being the mote important of the two predictors. Signs of the
fegression coelficients for sediment flux and D, were positive and negative, respectively,
indicating a direct relationship between suspended sediment flux and percent fines and an lnverse
relationship between Dy, and pescent fines.
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Figure 2. Longitudinal variability of fines intrusicn (<4.7 mm) in Prairie Creek.

Permeabllity

fe 3 summarizes mean inflow rates from the begianing and end of the study period and mean
Iea::cm change. Apparent changes in permeabllity, as indexed by inflow rate in stz:lgpa. N
were difficult to Interpret. Particulasly, mean inflow rate of standpipes in the afle :a:h
showed an Increase at the end of the study period. Some sites exhibited sppasent decreases
permeabliity, as would be eapecied following fines Intrusion, while other sites showed lncmsul Pulde
A possibie explanation may be that the relative coarseness of the gravel framewoik In o
Creck caused turbufence in the surface waler column (o propagale downward through e;
streambed with relative case. Rapid stage fluctuations of about 3 cm were occasionally ob:ﬂy
in some standpipes during testing. This certalnly may have Introduced largs ermors {n the ; mt:
considering that testing procedures called for a continvous drawdown of 2.54 cm In
standpipe. Grester sttenuation within the streambed of surface water turbulence would likely
occur In a finer framewaork wilh greater amounts of matrix fines.

Table 3. Standpipe inflow rates at the beginning and end of the study period, and peroent
change over memy petiod, in Prairie Creck. Resulls are means for artificial redds in both

the affected and control reaches.

Reach Beginning Ending Percent
inflow Rate inflow Rate Change
(mi/sec) (mV/sec)
~Controf 102.3 8l.8 +4.6
DISCUSSION

U
Fines intrusion measured dusin melwlmmyarmhwmmwndwwhuwwldm

!'mest ::l‘i‘n::ym with more :onml {2-year Rl or greater) stream dischux'a. While sediment
nuuudmzobmmmmwatmmurdnmmmgnmgmﬁmlma
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magnitude stormflews would have mobilized even grester amounts of fins sediment, makin;
mare available for intrusion.  Although no differences conld Be detected between fines intrusios
in the control reach and the affected reach, large differences {n suspended sediment flux wen
measured between the two reaches. For the type of waier year experienced, suspended sedimen
flux appeared (o be the best indicator of the degree of downiream effects from highway
construction. Perbaps under the infizence of higher magnitude stormflows, larger difference:
would be found between the two reaches, Much of the sediment remaining in Prairie Cree
from the Ociober, 1989, erosion even! Is stored subsurface in undisturbed areas of the
streambed, Even the low flows which have prevalled since the event have resulied In remaoval
of most of the surficial deposits of fine sediment. Ounly with flows of sufficieat magnitude &
mobilize the bed 1o some depth will this materiat be avallable for redistribution Ia the stream
system and transport out of the system (o the Pacific Ocean.

Clear relations between fines Intrusion and proximlty 0 an upstream tributasy Inpit were
exhibited (Figure 2). The abrupi change In hydraulics as tributary (lows of sediment laden water
merged with those of the main channel caused immediate intrusion of fines into the bed of the
main channel of Pralrie Creek. This process was rapldly attenuated with distance downstream
from tributary confluences as the *intrudable® portion of the sedimeat toad (coarser element of

* the suspendzd load) dropped out of the surfice waler columa gace fa (he main channel. This

phenomenon has cbvicus implications for experimental design. In studies of this nature.

Regression analyses showed a significant, direct relation between fines intrusion and suspended

sediment flux, and an Inverse relation with framework panticle size (Dy). While the regression
equation jiself is only applicable to the very low flows of the study period and Is specific o
Prairie Creek, the direct refation of suspended sediment flux with fines intrusios Is consistent
with the results of Slaney and others (1977). Suspended sedimen? flun may be considered a
partial measure of the availsbility of fines for intrusicn, although its relative predictive

importance would probably diminish with the gecurrence of streamflows sufficlent to
bedicad transport. .
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ON THE ARRESTED SALINE AND THERMAL WEDGES
Vassilios D. Derrmigels’

ABSTRACT

An inlegrated approach on the geomelry of anrested salfine and thermal wedges is presentet
Tnis approach is based on Schi! and Schoenleld's one-gimensional model. The derivo
mathamatical modets lof the dimensionless length and shape of the safine wedge (In sivers, canal:
and subrnaring condults) and thermal wedge (in rivers and canals) are given as function of gros
fRlow and density parameters as well as lunction of the Darcy-Welsbach's interfaclal and bed kiclio
coefficiants [, and {_,, respectively. Therelore, saline wedge mode! needs calibration on field and;'¢
faboratory measurements of §, and 1_,, and thermal wedge model needs calibzetion only on f,.

INTRODUCTION

Anested or guasl-stationary salins or therma! wedges are tormed In certain types of rivort
canalg, and closed conduils, as & resufl of the hydrodynamic Interaction ol trashwater and saltwalc
ot warmwater. The treshwater layer It gseparated from tha wedge by a relalive thin zone of shas
density gradients. For modelling purposes this 20ne ks nommally simulated by & surace known a
inmterface, through which denshias and somatimes velocitles are agsumed lo very disconlinuoush

The hydrodynamic behavior of arrested saline wedges in open channel Bows has bec
theorsatically and experimentaily studied in the last lourty years. Schij/Schoenield (1953) psesente
the frst one-dimensional thearelical analysis on a two-layered nonunitorm shiatlfiad flow. Keulega
(1955) presented the fist systematic theoretical and expetimental research on gafing wadges. Th
foundamental diferenca between the sfctementioned two approaches fes on the bed she:
stresses. Dermissis (1984), and Dermissis/Parthenladas (1885) presented a systematic thearatic:
and experimental research on the dynamics of arresied saline wegdpes. Very Interesting reseasche
on lhe saline wedges have bsen conducted by Arlla/Jika (1987) end Sargent/Juka (1987
Davies/Charlton/Bethune (1888) presenied a laboratory expesimental study of saltwater intrusion |
clricutar pipe, associated with geling Inlrusion in tunnefied gea outfalis. A theorelical sludy of safin
wedga in closed condulls, associaled with the problam of sakwater Intrusion in karst aquifer
through submatine kars! conduits, has been presented by Darmissls (1892).

The firgt systematic experimental and analytical study on the arrested thermal wedge has bees
conducted by Bata (1857). His analytical model was based on the Schii/Schoenlsld’s (1953) onc
dimensionat model. A theoretical analysis of tho geomelry of anrested thermal wedges has bea
presented by Dermissig {1989), and Denmnissis/Darmissl (1891). Inthese studies approximated form:
ol ihe basic equallons, and saveral graphs sultable for practical application ere glven.

In the present sludy an integrated one-dimensional approach of the geomelry of arrested salin
and thermatl wedges s presenied. This approach Includes the sludy ol the: (a) saline wedge &
estuaries. rivers, canals, and submarine ducis and pipes, and (b) thermal wedgs In rivers and canals

‘Protessor, Depantmant of Chvi Enginaering, Division of Mydrautics and Envisonments!
Engineering, Arisiolle University of Thessatonikl, 540 08 Thessaloniki, Greecs.
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