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ABSTRACT

DERICK RUSSELL HAYDIN. Vertical hydraulic gradients and groundwater surface water
interaction under a pre-restoration Piedmont urban stream, Charlotte, NC. (Under the direction of
Dr. DAVID VINSON)

The hyporheic zone is a dynamic environment of physical and chemical gradients. These
environmental gradients during groundwater-surface water interaction can be beneficial to aquatic
life and water quality. Many urban streams have excess nutrient loading from sources such as
development, agricultural runoff, and sewage. The hyporheic zone can be an area of mixing of
groundwater and surface water, which can have distinct temperature and chemistry. Downwelling
in the hyporheic zone increases hydrologic retention and can enhance biogeochemical processing
(e.g. denitrification), with benefits for overall water quality. This research focuses on five short
study reaches within Reedy Creek, a highly-incised urban forested stream in Charlotte, NC
(watershed area 6.5 km®). The objective of this research is to characterize hydrologic exchange
between the stream and subsurface prior to restoration scheduled to occur in winter 2017.

From August 11, 2016 to February 3, 2017 groundwater-surface water interaction was
examined in three ways at five stream cross-sections, 10 monitoring wells, and 87 piezometers in
the Reedy Creek watershed. First, monitoring well water levels, stream water levels, and
temperature have been measured since 2013. Second, vertical hydraulic gradient (VHG)
measurements were taken at 25-75 cm deep piezometer nests (fall 2016-winter 2017) to quantify
hyporheic exchange above and below geomorphic features in the streambed. Third, water quality
samples were collected, and field measurements of pH, dissolved oxygen, and temperature were
made in January-February 2017. To characterize groundwater that may discharge into the
streams, slug testing was done on all piezometers and monitoring wells. Water samples were also
collected from the monitoring wells located 5-60 meters from the stream channels.

Slug testing showed that ~half of the piezometers installed were in impermeable

sediments. The majority of piezometers that were in impermeable sediments were in the deeper

iii



sediments. Only two piezometer nests were hydrologically connected for all three piezometers.
Slug testing data showed that the hyporheic zone in Reedy Creek is shallow within the sandy
sediments that lay over impermeable clay and bedrock. The stream and well hydrographs indicate
that riparian wells respond to precipitation and/or streamflow. VHG measurements suggest that a
few piezometer nests had median downward VHGs at all depths. While downward VHGs
(apparent downwelling) were detected at multiple locations, downward VHGs did not
systematically occur where hypothesized (e.g. above debris features or above gravel bars). Other
piezometer nests exhibited inconsistent VHGs with time and/or with depth (e.g. apparent
downwelling at 25 cm and apparent upwelling at 50-75 cm). The data suggests these piezometers
may have recorded stream flow variability interacting with subsurface heterogeneity. There are a
few possibilities indicating from the VHG data. The stream could be perched on top of the
impermeable sediments and bedrock, restricting any vertical exchange at these spots. Another
possibility is that the groundwater at these spots is equilibrated with the streambed further
downstream.

The five study reaches experienced similar VHGs even though each study reach had their
own unique number of geomorphic features. The median reach-wide downwelling VHGs for the
reaches were from -0.01 to -0.06 for all five study reaches. Two study reaches, C1 and P1, were
the only reaches that had a date of median reach-wide apparent upwelling VHG. The geomorphic
features varied greatly in the extent of their VHGs. Both above debris jam and below a debris jam
features had the largest hyporheic flux out of all features.

Two of the five reaches had apparent perpendicular horizontal groundwater flow toward
the stream while the three reaches apparently flowed away from the stream. Surface water and
groundwater samples did not yield a great enough distinction between the two to be able to
quantify the groundwater surface water interactions. Due to the high amounts of impermeable
sediments and therefore low sub-streambed hydraulic conductivity, Reedy Creek has limited

hyporheic exchange potential.

iv



TABLE OF CONTENTS

LIST OF TABLES. ...ttt st ettt st eb e nbeene s vii
LIST OF FIGURES..... .ottt st ettt sttt et X
INEEOAUCTION. ¢ttt et ettt et ettt et et e e e 1

1.1 Urban Stream SYNATOME .......ceuviiiiieiiieiiie et ette ettt see e bee st eeteesteeeneeesnseesneeas 1
1.2 Physical hydrology of the hyporheic Zone...........cccoevuierciiiiiiiieeeeee e 2
1.2.1 Horizontal groundwater flow in riparian ZOones..........ccoceeevereeneeneereeneeneeneeneeneeneens 2
1.2.2  Vertical flows through the hyporheic zone ...........cccooeoieriiiiiiiiniie e 2
1.2.3  Ecological function of the hyporheic zone.............cccoevceieiiiiiiiniie e 6
R S N 1< e | L1 11 PSR 7
1.2.5 Urban impairment of the hyporheic Zone...........cccooovveviiiriiiiiii e 9
1.2.6  The hyporheic zone in Stream reStOTation .........ccueerveerieersiieriiieeiieerieeseeeeeeesreeseeeens 10
1.3 L0 10 11075 AU 11
1.4 StUAY REACKH ...ttt et st en 12
I & 7401011 (T USSR 16
3 MELROAS et ettt ettt et 17
3.1 Reach INfrastrUCtUIC ... ..eouiieiiie ettt ettt ettt e st e b e eaeeenes 17
32 Horizontal hydraulic gradients...........ccecceeeriieiiiiniieciie e e 17
33 Vertical hydraulic gradients.........cceeeuieriiiiiie et 17
34 Water sampling and analySis ......c.ceccueeerirrriieniieriie ettt ettt 19
3.5 Data @nalySis ....ccoeerieriiiieiiereeee et ettt e e 20
3.6 Slug Testing using Hvorslev Method ..........cccooouiiiiiiiiiiiiieeeee e 21
3.7 Vertical and horizontal specific diSCharge..........cccceevviieiiiiriiiiieie e 21
3.8 RAAON ANALYSIS c..veiiiiiiiiiiieeieeee ettt ettt 22
4 RESUIES .ottt et et ettt et e et 22
4.1 Vertical hydraulic gradients..........ceeeiieiiieiiieiie et seee e 22
4.1.1 VHGs at the five study reaches on each date ............ccocevriiieiiieniieiieeecee e 22
4.1.2  VHGs at the five study reaches across all measurement dates............ccccceveeveeneenncnnn 24
4.1.3  VHG by geomOrphic fEAtUIE ......eeeiuiieiiieiiiecieeeiieeite ettt e s e 46
4.2 Hydraulic CONAUCHIVILY ...oveieiiiiiiieeiie ettt ettt e e eeaee e 58
A.2.1 R ettt h e ettt be et ne e 58
A.2.2 AT et h et bbbt e h e n et be et et ne e 58
A.2.3 Gl ettt bttt h e bbbt e h e st be et ne et e 58
A2 4 DI ettt h e et ettt b et nne e 59
e T < LTSRS 59
4.3 RAAOM .ttt et ettt 59
B30 R ettt h e ettt b et ae e 59
A.3.2 AL ettt e h e e h e ettt be et nne e 59
A.3.3 G ettt bttt b e e h e et n et bt e ae et nne e 59
T LSOO 60

. T T < OSSR 60
4.4 Vertical component of specific diScharge () ......eovveerveerireriierie e seee e 67
4.4.1 Specific discharge (q,) at the five study reaches for each individual reading date ...... 67
4.42 Specific discharge (q,) at the five study reaches for all reading dates .............c.cc....... 68
4.5 Horizontal hydraulic gradient............cceciiiriieriiiniieeiie e 85
4.5.1  ReEACH R2 oottt ettt 85
452 REACK AL oottt et 85



I T LX< Tl o I O K 85

4.5.4  REACH D1 oottt e 85
4.5.5  REACK Pl .ottt e 85
4.6 Horizontal component of specific diScCharge ..........cooccvvveeiriiiiiiiiiieeee e 86
4.6.1  ReEACh R2 ..ottt e 86
4.6.2  REACH AL .ottt ettt e 86
4.6.3  REACK C oottt ettt ettt 86
4.6.4  REACH D1 oottt et e 86
4.6.5  REACH Pl ..ottt 86
4.7 Student’s T-test for difference of mean VHG between geomorphic features and reaches...
.......................................................................................................................................... 86

4.7.1  GeomMOTPhIC fEATUIES ....ccuvieiiieeiieeiie ettt ettt et eeestee e ee e eaeessteesnteesbeesneeens 86
4.7.2  ALLTEACKES c..coiiiiiiiiiiiet ettt 89
4.8 WALl CREIMISIIY ..ottt ettt e ettt e e st e e st e e enbeeeneeeneeennes 90
4.8.1  ReEACH R2 Lottt 90
4.8.2  REACH AL .ottt ettt e 90
4.8.3  REACK D1 oottt 90
4.8.4  REACH Pl .ottt e 91
4.8.5 Hydrochemical facies (Water tYPES) ...cuueerrereriieriieriieeieeeite et esteeseeesreeeseeesreesaeeens 97
4.8.0  WALET ISOLOPES -eveeurreeiieeiuieerteerteesiteeetteetteesuteessseesnseesnseesnseesnseeeseeenseeansseesnseesnseesnsens 102

5 DASCUSSION ettt ettt ettt sttt be et b e st st e st e bt bbbt b sbe e beenbeesbee 108
5.1 Y2 5 (€ B o) (< To] OSSPSR 108
5.2 VHG by geomorphic fEatUIe..........ceeciiiiiieeiie ettt 108
53 VHGs in relation to K....cocoooiiiiiiii e 109
5.4 Horizontal hydraulic gradient............cceceieiiiiiiieiiieceecee e 112
5.5 Vertical and horizontal specific diScharge..........ccccvvviierieiniieiiiiee e, 113
5.6 Longitudinal subsurface diagrams ..........ccecueeriieriieiiieeiee et e s 114
5.7 WALl CREIMISIIY ..ottt ettt e se e et e et e et e e eaeesnteesnbeesaseesneneans 121
5.7.1 Intra-reach variability of water Chemistry ...........cocoevriiiiniiiniiie e, 121
5.7.2  Inter-reach variability .........cccoooiiiiiieiiiiciee e 123
5.8 LSOLOPES -ttt ettt ettt e et ee e st e e st e e e sbaeeeeaas 130
5.8.1  Intra-reach variability .........cccoooiiiiiieiiieiiie e 130
5.8.2  Inter-reach variability .........cccoooiiiiiieiiieciee e 130

6 COMNCIUSIONS ...ttt be e sbeesbeesbeesae e s bt enbeenbeen 131
RETEIeNCes CItd .....eooviiiiiiiiiiiiiice ettt ettt st 134

vi



LIST OF TABLES

Table 1. Reach R2 median, average, maximum, minimum and range of VHG on each date VHG

MEASUTeMENtS WETE TAKEI. ..ouvviiiiciiiieiiiiieecitee e ettt et e e et eeeete e e e streeeeereeeeatbeeesanseeeensaeeas 36
Table 2. Reach Al median, average, maximum, minimum, and range of VHG on each date VHG
MEASUTeMENtS WETE TAKEI. ..ouvviiiiiiiieiiiiieeciiie e ettt ettt e et e e e ete e e e str e e e s ereeeearbeeesanseeeenseeeas 37
Table 3. Reach C1 median, average, maximum, minimum and range values on each date VHG
MEASUTeMENtS WETE TAKEI. ..ocuvviiiiiiiieiiiiieecitee e ettt ettt e eeit e e e eete e e e seebeeesereeeeatbeeesnnseeeenraeeas 38
Table 4. Reach D1 median, average, maximum, minimum and range values on each date VHG
MEASUTeMENtS WETE TAKEI. ..ouvviiiiiiiieiiiiieeciiee e ettt ettt e eeir e e et e e estreeesereeeeataeeesansaeeenreeeas 39
Table 5. Reach P1 median, average, maximum, minimum and range values on each date VHG
MEASUTeMENtS WETE TAKEI. ..ouvviiiiiiiieiiiiie e e ettt ettt e et e e et eeestaeeeeereeeearseeesnnseeesnseeeas 40

Table 6. VHG data for each piezometer at each date for reach R2. A blank cell means either that
the piezometer data could not be collected or early data was not accurate due to slow
recharge N the PIECZOIMELET. .......eiviiiiiii ettt ettt e et ee et e et e e esteesbeeenreeens 41

Table 7. VHG data for each piezometer at each date for reach Al. A blank cell means either that
the piezometer data could not be collected or early data was not accurate due to slow
recharge N the PIECZOIMELET. ....c.eiviiiiiiieiie ettt tee et ee e e st e sbeeenneeens 42

Table 8. VHG data for each piezometer at each date for reach C1. A blank cell means either that
the piezometer data could not be collected or early data was not accurate due to slow
recharge N the PICZOIMELET. ....c..eiiiiiiiiiieiie ettt et te et esteesbeesnneeens 43

Table 9. VHG data for each piezometer at each date for reach D1. A blank cell means either that
the piezometer data could not be collected or early data was not accurate due to slow
recharge N the PICZOIMELET. ....c..eiiiiiiiiieiie ettt ettt ee e snteesteesbeeenneeens 44

Table 10. VHG data for each piezometer at each date for reach P1. A blank cell means either that
the piezometer data could not be collected or early data was not accurate due to slow

recharge N the PICZOIMELET. ....c..eiiiiiiiiieiie ettt et ettt ee e st e e steesbeeenneeens 45
Table 11. VHG data for the piezometer with the “below bedrock™ geomorphic feature for all

SAMPIING AALES. ...eeeneiieiieeiie ettt ettt ettt e st e st e e bt e e sate e aeeesnteesneeesaseeenseeeneeennns 49
Table 12. VHG data for each piezometer with the “pool” geomorphic feature for all sampling

ALES. ..t e s 50

Table 13. VHG data for each piezometer with the “above debris jam” geomorphic feature for all
sampling dates. A blank cell means either that the piezometer data could not be collected or
early data was not accurate due to slow recharge in the piezometer. ...........cccceccevrvvrennnnnne. 51

Table 14. Averages and medians of VHG data for each piezometer with the “below debris jam”
geomorphic feature for all sampling dates. A blank cell means either that the piezometer
data could not be collected or early data was not accurate due to slow recharge in the
PIEZOIMETET . ...ttt ettt sttt ettt she e sb e e bt e bt e s beesbeesbeesbeesbeenbeenbeenaeens 52

Table 15. Averages and medians of VHG data for each piezometer with the “top of meander
bend” geomorphic feature for all sampling dates. A blank cell means either that the
piezometer data could not be collected or early data was not accurate due to slow recharge
10 the PIBZOIMETET. ....eiiiiiiiiiii ittt et ettt ettt et e e 53

Table 16. Averages and medians of VHG data for each piezometer with the “bottom of meander
bend” geomorphic feature for all sampling dates. A blank cell means either that the
piezometer data could not be collected or early data was not accurate due to slow recharge
10 the PIBZOIMETET. ....eiiiiiiiiiii ittt et ettt ettt et e e 54

Table 17. Averages and medians of VHG data for each piezometer with the “above gravel bed”
geomorphic feature for all sampling dates. A blank cell means either that the piezometer
data could not be collected or early data was not accurate due to slow recharge in the
PIEZOIMETET . ...ttt ettt sttt ettt s e bt s bt e s bt e bt e s beesbeesbeesbeesbeesbeenbeenaeens 55

vii



Table 18. Averages and medians of VHG data for each piezometer with the “between gravel bed”
geomorphic feature for all sampling dates. A blank cell means either that the piezometer
data could not be collected or early data was not accurate due to slow recharge in the
PLEZOMICTET . .....teeieieeiie ettt ettt et e et e et ee et eetee e et e eesteesabeesnseesateesnseeenseeeseeesseeanseesnseesnseesnseeans 56

Table 19. Averages and medians of VHG data for each piezometer with the “below gravel bed”
geomorphic feature for all sampling dates. A blank cell means either that the piezometer
data could not be collected or early data was not accurate due to slow recharge in the
[ TErA0) 11 1S] 1<) USSP 57

Table 20. Reach R2 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed
3/30/17. Rn-222 sampling took place 6/22/17. A positive dh/dz and ¢, means that the
groundwater is flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g,
upland to piezometers” refers to the direction of flow.......c..ccoceeriiniiiinnnincnee 61

Table 21. Reach A1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed
3/30/17. Rn-222 sampling took place 6/22/17. A positive dh/dz and ¢, means that the
groundwater is flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g,
upland to piezometers” refers to the direction of flow.......c.cccoieiiiniiiininniincee 62

Table 22. Reach C1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed
3/23/17. Rn-222 sampling took place 6/8/17. A positive dh/dz and g, means that the
groundwater is flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g,
upland to piezometers” refers to the direction of flOW..........ccoeviiiiiiiiniiiniieie e, 63

Table 23. Reach D1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed
3/6/17. Rn-222 sampling took place 6/1/17. A positive dh/dz and g, means that the
groundwater is flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g,
upland to piezometers” refers to the direction of flow.......c..ccoceeriiniiiiiniininiincee 64

Table 24. Reach P1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed
3/16/17. Rn-222 sampling took place 5/18/17. A positive dh/dz and g, means that the
groundwater is flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g,

upland to piezometers” refers to the direction of flOW..........cceeviiiriiiiiiiiiiiie e, 65
Table 25. Numbers of piezometers that responded too slowly for Hvorslev method and for which

137, K, and gy and g, are not rePOrted. .......cocueevuiriiiriiiiiiiiieeic e 66
Table 26. Reach R2 ¢. median, average, maximum, minimum and range values. ...........cc..ccc.c.... 75
Table 27. Reach Al g, median, average, maximum, minimum and range of values. ................... 76
Table 28. Reach C1 ¢. median, average, maximum, minimum and range values. ...........cc..ccc.c.... 77
Table 29. Reach D1 ¢, median, average, maximum, minimum and range values............cc..cc...... 78
Table 30. Reach P1 ¢, median, average, maximum, minimum and range values. ...........cc..cc.c.... 79

Table 31. Specific discharge (g.) data for all piezometers with high K for reach R2. A blank cell
means either that the piezometer data could not be collected or early data was not accurate
due to slow recharge in the PIEZOMELET. ........ccocviriiiiiiiieeiie et 80

Table 32. Specific discharge (g.) data for all piezometers with high K for reach Al. A blank cell
means either that the piezometer data could not be collected or early data was not accurate
due to slow recharge in the PIEZOMELET. ........ccocuieviuiiiiieeie et 81

Table 33. Specific discharge (g.) data for all piezometers with high K for reach C1. A blank cell
means either that the piezometer data could not be collected or early data was not accurate
due to slow recharge in the PIEZOMELET. ........ceevirviiiiiiieeiie e 82

viii



Table 34. Specific discharge (g.) data for all piezometers with high K for reach D1. A blank cell
means either that the piezometer data could not be collected or early data was not accurate
due to slow recharge in the PIEZOMELET. ........ccevireiuiiiiieeie et 83

Table 35. Specific discharge (g.) data for all piezometers with high K for reach P1. A blank cell
means either that the piezometer data could not be collected or early data was not accurate
due to slow recharge in the PIEZOMELET. ........ceevirviiiiiiieeiie e 84

Table 36. P-value of student’s T-test of all geomorphic features. The red shaded cells indicate
geomorphic features hypothesized for hot spots of apparent downwelling. Green shaded
cells indicated geomorphic features hypothesized to be hot spots of apparent upwelling.
Yellow shaded cells indicate the p-value being lower than 0.05 indicating statistical

significance for difference of MEaNS. ........ccoevviieiiieiiiiiiiece e 88
Table 37. P-value of student’s T-test for difference of mean among all reaches. ..........c.ccc.c...... 89
Table 38. Results of chemical analysis for reach R2, sampled on 1/20/17. ....cooovveiiviiiieniienen. 92
Table 39. Summary of chemical analysis for Reach A1, sampled on 1/20/17. ........cccceevvencancnn 93
Table 40. Summary of chemical analysis for Reach D1, sampled on 2/3/17. ......cccccevveviencnnnnnnn 94
Table 41. Summary of chemical analysis for Reach P1, sampled on 2/3/17.....c..cccccevvenvencnnncnnn 95
Table 42. Summary of all reaches’ averages for piezometers and wells. ............ccceeveveriierceenen. 96
Table 43. Summary of hydrochemical facies for piezometer, well and stream samples in reach

AL e e et s 98
Table 44. Summary of hydrochemical facies for piezometer, well and stream samples in reach

R e ettt s 99
Table 45. Summary of hydrochemical facies for piezometer, well and stream samples in reach

DL e e e s e 100
Table 46. Summary of hydrochemical facies for piezometer, well and stream samples in reach P1.

............................................................................................................................................. 101

ix



LIST OF FIGURES

Figure 1. Cross-sectional view of a gaining stream. Groundwater movement is toward the stream

resulting in a gaining stream (Winter et al., 1999).........cocciiiiiiiiiiiiinieeceee 3
Figure 2. Cross-sectional view of a losing stream. Groundwater movement is toward the stream
banks resulting in a losing stream (Winter et al., 1999)........cccooiimiiieniiiniiieeee e 4

Figure 3. Transient storage takes place both in the subsurface and in the surface flow. Both
diagrams show exchange from the channel to the hyporheic zone. The bottom right picture
shows surface transient storage exchange in pools and eddies (Bencala et al 2010).............. 4

Figure 4. A, shows the stream-catchment system as a simple system that merely moves water and
solute downstream with no interaction from the hyporheic zone. B, shows a complex stream
system that has the stream interacting with the hyporheic zone as it moves along its length
(BeNCala 1993). c..eeiiiiiiee ettt et e e e e et e e e e bb e e e e arae e e raeeeeneees 5

Figure 5. Left diagram (map view) shows hyporheic exchange through meander bends. Right
diagram (cross-section view) shows geomorphic features inducing vertical hyporheic
exchange. Pools induce a downward pressure pushing the water down; riffles have less
pressure, which induces the water to return to the surface (Bencala et al., 2010)................... 5

Figure 6. Left shows downward VHG (recharge or downwelling) and the right shows upward
VHG (discharge or upwelling) using the water levels in nested piezometers. Vertical
hydraulic gradient is defined by the difference in hydraulic head between two piezometers
relative to their depth (Hiscock and Bense, 2014). .....c.covvuiiiiiiieiiiiiiieeieeeeeeeeeee e 6

Figure 7. Cross-section of the stream, streambed, and hyporheic zone showing different N and P
(nutrient) compounds and their transformations as they move through the hyporheic zone
(Lawrence €t al., 2013) ... ettt e et e e et e e e saba e e e eab e e e earee e e naaeeeenens 9

Figure 8. Nitrogen cycling through an oxic/anoxic zone (Alvarez et al., 2013).......ccccccocvirviinnnnee. 9

Figure 9. Urbanized channels result in steep banks and lowered water tables compared to natural
channels (Groffman et al., 2003) The figure on the right shows the difference between an
urban and forested hydrograph. The urban hydrograph shows a sharp spike in both rising
and falling limbs. These sharp spikes characterize the high fluctuations in discharge......... 12

Figure 10. Hydrograph of Reedy Creek at reach R1, the main watershed outlet, during the period
of the study (Aug 1, 2016 — March 1, 2017). Red vertical lines signify dates of VHG
measurements. During the period of the study the amount of precipitation was typical for the

study area (USGS 351540080430045 CRN-16 at waterdata.usgs.gov). .....ccceeveveereueeerueeene 14
Figure 11. The D1 study reach showing the ~10” deep inCiSion. .........ccccceveereeneeneeneenceneeniennn 15
Figure 12. Map of Reedy Creek, sub-watersheds, and sampling locations (McMillan and Clinton,

20013 e e et h e s 16

Figure 13. Piezometer measurements taken to calculate a vertical hydraulic gradient. The height
from the top of piezometer to the stream water (4,) and the height from the top of
piezometer to the water level in the piezometer (4,). The depth of the piezometer below the
bed also must be known to calculate VHG. ..........cccoociviiiiiiiiiiiiiiiccee, 18

Figure 14. An example of piezometers showing downwelling in piezometer #1 and upwelling in
piezometer #2, relative to the stream. dh/dz is defined with the sign convention that a

positive value of dh/dz represents upward hydraulic gradient. ..........cccceevveveviieniieniinenns 19
Figure 15. Reach R2 VHG measurements (all piezometers) from 8/11/16 to 1/20/17.................. 26
Figure 16. Reach A1 VHG measurements (all piezometers) from 8/11/16 to 1/20/17. ................ 27
Figure 17. Reach C1 VHG measurements (all piezometers) from 8/11/16 to 1/5/17.................... 28
Figure 18. Reach D1 VHG measurements (all piezometers) from 8/11/16 to 2/3/17. .................. 29
Figure 19. Reach P1 VHG measurements (all piezometers) from 8/11/16 to 2/3/17.................... 30
Figure 20. VHGs of each piezometer nest at reach R2.........ccccooiiiiiiiiniiniininicccceee 31
Figure 21. VHGs of each piezometer nest at reach Al......c..cooceeiiiiiiniiniiinienieneeeeeeeceeeane 32



Figure 22. VHGs of each piezometer nest at reach Cl......c..ccocoeviiiiiniiniiniininiencecccceeene 33

Figure 23. VHGs of each piezometer at reach D1........ccccooiiniiiiiiiiniiniiniceceeccceeene 34
Figure 24. VHGs of each piezometer nest at reach P1. .....c..coocooiiiiiiiiiniiniiniicccccceee 35
Figure 25. Reach R2 g, from 8/11/16 t0 1/20/17. ..ccueiiiiniiniiniiiiieeeeneeeesieeieeeeeee e 70
Figure 26. Reach A1 g, from 8/11/16 t0 1/20/17. ..cceeviiniiniiniiiiiieeeeeeeeeeeeeee e 71
Figure 27. Reach C1 g, from 8/11/16 t0 1/5/17. c.eeouiiiiiniiniiniiiieeeeceeeeeeeeeee e 72
Figure 28. Reach D1 g, from 8/11/16 t0 2/3/17. cueeoueiiiiiiiniiiiiiiceeeceee et 73
Figure 29. Reach P1 g, from 8/11/16 0 2/3/17..c.cciuiiiiiniiniiiiiiiieeeeeeeieeeeeeeeee e 74

Figure 30. Reach R2 stable isotopes plotted with 'O on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples in orange, and surface water in red.
Note that groundwater and surface water are not isotopically distinctive. ...........cceeueeenee. 103

Figure 31. Reach A1 stable isotopes plotted with 3'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note
that groundwater and surface water are not isotopically distinctive. ..........ccocveeveeenneennen. 104

Figure 32. Reach D1 stable isotopes plotted with 3'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note
that groundwater and surface water are not isotopically distinctive. ..........ccecevvevveenneennnen. 105

Figure 33. Reach P1 stable isotopes plotted with §'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note
that groundwater and surface water are not isotopically distinctive. .........cccecvveveeenieennen. 106

Figure 34. Stable isotopes (all reaches) plotted with 8'*0 on the x-axis and 5°H on the y-axis.. 107

Figure 35. Hydraulic conductivity (K) vs VHG for all piezometers with having quantified slug
test results. Points between the red lines and to the left of yellow line are inferred to not be
hot spots for hyporheic exchange. Between red lines = -0.02> VHG <0.02. Left of yellow
line = <0.1m/day. The two black lines signify two different piezometers that were too large
or negative to fit on the graph. The top arrow is “P1 ADJ#1 25cm”, the bottom arrow is “P1
ADJHL S0CIL" ..ot 111

Figure 36. Longitudinal diagram showing reach R2 on 1/20/17. The x-axis shows the along-
stream distance in relation to the riparian well transect in meters. The y-axis shows the
elevation above mean sea level in meters. This diagram shows both the stream and
streambed elevations. Major geomorphic features are shown on the streambed with distance
relative to riparian well. Blue arrow represents subsurface flow direction assuming that a
hydraulic connection exists between PIEZOMELETS. .......ceccviervierrieeriieeriieeiieereieeeieeseeeeneeas 116

Figure 37. Longitudinal diagram of reach A1 on 1/20/17. The x-axis shows the distance in
relation to the riparian well in meters. The y-axis shows the elevation above mean sea level
in meters. This diagram shows both the stream and streambed elevations. Major geomorphic
features are shown on the streambed with distance relative to riparian well. Blue arrow
represents subsurface flow direction assuming that a hydraulic connection exists between
PIEZOIMETETS. ...eutiiiiiiiiitieite ettt ettt ettt et ettt et e bttt et et et e e st e e bt e bt e bt ene et e enneenne 117

Figure 38. Longitudinal diagram of reach P1 on 2/3/17. The x-axis shows the distance in relation
to the riparian well in meters. The y-axis shows the elevation above mean sea level in
meters. This diagram shows both the stream and streambed elevations. Major geomorphic
features are shown on the streambed with distance relative to riparian well. Blue arrow
represents subsurface flow direction assuming that a hydraulic connection exists between
PIEZOIMETETS. ...eutiiiiiiiriteeite ettt ettt et ettt ettt et ettt et ettt et e et e eabe e bt eneenteenreeane 118

Figure 39. Longitudinal diagram of reach D1 on 2/3/17. The x-axis shows the distance in relation
to the riparian well in meters. The y-axis shows the elevation above mean sea level in
meters. This diagram shows both the stream and streambed elevations. Major geomorphic
features are shown on the streambed with distance relative to riparian well. Blue arrow
represents subsurface flow direction assuming that a hydraulic connection exists between
PIEZOIMNETETS. ...eutiitiiiiiiteeite ettt ettt ettt et et ettt et ettt ettt et e et et e ebe e bt ene et e eneeenne 119

Xi



Figure 40. Longitudinal diagram of reach C1 on 1/5/17. The x-axis shows the distance in relation
to the riparian well in meters. The y-axis shows the elevation above mean sea level in
meters. This diagram shows both the stream and streambed elevations. Major geomorphic
features are shown on the streambed with distance relative to riparian well. Blue arrow
represents subsurface flow direction assuming that a hydraulic connection exists between

PLEZOMICTETS. ..veeeutieetieeiieeeiee ettt eeteestteeteeenteeebeeesseeesaseeanseesnseesnseesnseesnseeeseeeseeesnseesnseesnsens 120
Figure 41. Piper diagram showing the major cations and anions of reach A1l samples. ............. 126
Figure 42. Piper diagram showing the major cations and anions of reach R2 samples............... 127
Figure 43. Piper diagram showing the major cations and anions of reach D1 samples. ............. 128
Figure 44. Piper diagram showing the major cations and anions of reach P1 samples. .............. 129

xii



1 Introduction

1.1 Urban stream syndrome

Deforestation, soil erosion, and increased impervious surfaces, connected to urbanization,
are a large contribution to the degradation of streams. Excess nutrient and pollutant
concentrations and a lack of aquatic biota richness are characteristics of degraded water quality in
urban streams (Cordy, 2001). This degradation is part of a condition popularized as “urban stream
syndrome” by Walsh et al. (2005). Soil infiltration is reduced in areas of high impervious surface
(Gagrani et al., 2010; Bell et al., 2016). The decrease in soil infiltration increases storm runoff
that enters the stream channel. High concentration of impervious surface land use is typical of
urban environments. The storm runoff comes into contact with urban contaminants that end up in
the stream channel (O’Driscoll et al., 2010). This increase in runoff produces a “flashy”
hydrograph that shows a sharp ascending and descending limb (Charlton, 2008). The increased
discharge creates erosion of the stream banks. With time, continual erosion strips the stream
banks of vegetation and sediment making it more susceptible to erosion and incision (Niezgoda
and Johnson, 2005).

One measure to mitigate urban stream syndrome, and to re-establish some natural
function, is stream restoration. Stream restoration is defined as the manipulation of the physical,
chemical or biological characteristics of a stream with the goal of returning the reach to its natural
Jfunction (Hough and Patterson, 2008; emphasis added). A variety of techniques are used
depending on the goals of the restoration. Lowering the banks, adding large woody debris, and
adding vegetation in the riparian zone are all examples of stream restoration techniques
(Bernhardt and Palmer, 2007).

The hyporheic zone is an area of mixing of surface water and groundwater beneath and
adjacent to the streams. Hyporheic flow is described as water flow that leaves the stream to the

subsurface and returns to the stream (Triska et al., 1989). Groundwater and surface water



chemistry are influenced by hyporheic function. Geomorphic features such as gravel bars, large
woody debris, riffle-pool sequences etc. have the potential to become “hot spots” for vertical
hyporheic flux because of the changes in head they create across small intervals of stream length.
Downward vertical hyporheic flux is key for the utilization of the hyporheic functions such as
denitrification, which permanently removes nitrate from the system. This research focuses on a
second-order stream, and its tributaries, at baseflow. Looking at the stream at baseflow allowed
vertical hydraulic gradient measurements to be taken with more confidence that geomorphic
features induce the hyporheic flux. Also, at baseflow, groundwater is a larger relative contribution
to streamflow.
1.2 Physical hydrology of the hyporheic zone
1.2.1 Horizontal groundwater flow in riparian zones

Groundwater moves from high hydraulic head to low hydraulic head. From the stream to
the upland, there is a sloping water table. Typically, the water table mirrors the topography of the
upland sloping downward toward the stream. With the water table typically being higher at the
upland the flow goes toward the stream. This means the stream would be gaining flow along its
length (net gaining; Figure 1). In regions of low recharge, the water table may be lower at the
upland than the stream. This would result in flow moving away from the stream, moving toward
the upland (net losing; Figure 2). Horizontal groundwater flow often is dictated by topography.
Areas of high elevation are typically areas of recharge to the aquifer. Areas of low elevation and
low slopes are typically areas of discharge, like a stream (Daniel and Dahlen, 2002).
1.2.2  Vertical flows through the hyporheic zone

Transient storage is the temporary entrainment of stream water in recirculating flow in
the stream channel (pools and backwater) and in the hyporheic zone (Figure 3; Jackson et al.,
2012). Transient storage is an important function of the hyporheic zone as it regulates the
exchange and storage of water and solutes. This process delays downstream transport. Solute

movement is delayed for time scales longer than advection and dispersion (Bencala et al., 2010).



The steam catchment system is complex and more than a pipe that transports water and solutes
with no interaction with the stream bed (Figure 4a). Water flows along the stream water is
moving in and out of the stream through the hyporheic zone at multiple locations (Figure 4b;
Bencala 1993).

In-stream geomorphic structures such as logjams, meander bends, and gravel bars occur
naturally within stream systems, especially small shallow headwater streams where debris can
accumulate with few floods large enough to remove it (Figure 5a). In addition, bedrock can
influence stream channels in a variety of settings including small forest streams. These structures
influence flow dynamics and induce hyporheic exchange. Hyporheic exchange can be induced by
head gradients created by the stream’s slope (change in hydraulic head). Downwelling occurs in a
convex streambed profile and upwelling occurs in a concave profile (Vaux 1968). Head gradients
induced by steps and riffles also create hyporheic exchange (Figure 5b, Figure 6; Hester and
Doyle 2008). Hyporheic flux can also be induced from backwater collecting behind obstacles in

the channel. Debris, log and boulder jams are examples (Hester and Doyle, 2008).
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Figure 1. Cross-sectional view of a gaining stream. Groundwater movement is toward the stream
resulting in a gaining stream (Winter et al., 1999).
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Figure 2. Cross-sectional view of a losing stream. Groundwater movement is toward the stream
banks resulting in a losing stream (Winter et al., 1999).
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Figure 3. Transient storage takes place both in the subsurface and in the surface flow. Both
diagrams show exchange from the channel to the hyporheic zone. The bottom right picture shows
surface transient storage exchange in pools and eddies (Bencala et al 2010).
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Figure 4. A, shows the stream-catchment system as a simple system that merely moves water and
solute downstream with no interaction from the hyporheic zone. B, shows a complex stream
system that has the stream interacting with the hyporheic zone as it moves along its length

(Bencala 1993).

Figure 5. Left diagram (map view) shows hyporheic exchange through meander bends. Right
diagram (cross-section view) shows geomorphic features inducing vertical hyporheic exchange.
Pools induce a downward pressure pushing the water down,; riffles have less pressure, which

induces the water to return to the surface (Bencala et al., 2010)
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Figure 6. Left shows downward VHG (recharge or downwelling) and the right shows upward
VHG (discharge or upwelling) using the water levels in nested piezometers. Vertical hydraulic
gradient is defined by the difference in hydraulic head between two piezometers relative to their
depth (Hiscock and Bense, 2014).
1.2.3  Ecological function of the hyporheic zone

The hyporheic zone regulates surface water temperature. Stream water temperature is
variable under direct sunlight (the main control on stream water temperature), but groundwater
has a more consistent temperature and groundwater inputs to streams can moderate stream water
temperatures. The ability to moderate stream water temperatures is an important driver of habitat
heterogeneity in streams. It is crucial for macroinvertebrate and fish species’ survival ability
during low flow. The ability to moderate stream water temperatures can be an important influence
on the thermodynamic constraints of biogeochemical reactions (Hester and Gooseff, 2010).

Biologists have identified organisms that spend some to most of their life span within the
hyporheic zone or use it for critical phases of life. These organisms are often referred to as
hyporheos (Wood et al. 2010). Some fish species, such as Chinook salmon and bull trout, use the

hyporheic zone as a preferred spot to lay eggs. In areas of downwelling, these fish take advantage

of the hyporheic zone’s consistent water temperature and high dissolved oxygen levels (Hester



and Gooseff 2010). Amphibians, such as salamanders, use the hyporheic zone to forage, escape
predators and nest in the hyporheic zone (Feral et al., 2004).

The hyporheic zone has been known to be a habitat for invertebrates. Hyporheic
invertebrates are classified by the amount of time spent in the hyporheic zone and by size.
Streams are highly disturbance-dependent ecosystems. Flooding and drying out are examples.
Invertebrate distributions are affected by stream disturbance frequency and extent (Ward 1998).
The hyporheic zone can act as a refuge for invertebrates from the turbulence of high discharge
events (Hester and Gooseff 2010). The hyporheic fauna provide services and can alter the state of
the hyporheic zone. Boring and mixing of the hyporheic sediments (bioturbation) can increase
pore space and increase hyporheic flux (Boulton 2007). They excrete and produce fecal pellets
which generates labile dissolved organic carbon and other nutrients that promote microbial
growth (Marshall and Hall 2004). Microorganisms also are found in the hyporheic zone. Their
main contribution is the biogeochemical transformations that happen within the hyporheic zone.
Depending on the different levels of oxygen, different chemical transformations will happen.
Microorganisms need organic carbon to transform other chemicals. The hyporheic zone is often
known to be a heterotrophic environment, in that more carbon is being depleted than produced
(Lawrence et al., 2013).

Water storage in the surface or subsurface increases hydrologic residence time and a
variety of microbes can perform biogeochemical transformations. Therefore, downwelling of
water slows the velocity of nutrient spiraling, which refers to the transport and cycling of
nutrients as they travel downstream (Ensign and Doyle 2006).

1.2.4 Water quality

The hyporheic zone has been known to be a “hot spot” for biogeochemical
transformations. This is due to the hyporheic zone typically having high oxygen in the shallow
strata and lower oxygen in the deeper sediments (Lawrence et al., 2013). The hyporheic zone can

be anoxic, typically in deeper sediments. Anoxia is operationally defined as dissolved oxygen



levels below 0.5 mg/L O,. Hyporheic nutrient transformations include N mineralization,
nitrification, denitrification, and ammonification (Figure 7). Nitrogen mineralization is the
process of organic N converting to plant-available inorganic forms. Nitrification is the biological
oxidation of ammonia or ammonium to nitrite followed by the oxidation of the nitrite to nitrate.
Denitrification is the process of nitrate being reduced into atmospheric nitrogen (N»).
Denitrification is often sought after in terms of restoration because it removes nitrate, a common
urban contaminant.

The anoxic conditions of the hyporheic zone are reliant on the residence time of the
downwelling water and contact with organic matter, which provides the electron source for
chemical reduction. Oxygen entering the subsurface via downwelling is depleted due to microbial
aerobic respiration. Once oxygen is consumed the microbes use a ladder of different electron
acceptors based on thermodynamic favorability. NOjs is the first electron acceptor on the ladder
(after DO) to be used as an electron acceptor (denitrification; Baker et al. 1994). The nitrate ion is
reduced to nitrous oxide (N,O), nitrogen (N,), or ammonia (NHj3; Figure 8 ). If nitrate is reduced
to atmospheric nitrogen the nitrogen may leave the system into the atmosphere. Denitrification to
N is one of the only ways to permanently remove nitrogen from the stream system because N,
has a gas phase that escapes to the atmosphere. This is different from instream metabolism.
Biomass that forms instream inevitably dies and those nutrients within the biomass are released
back into the stream system (Charlton 2008). Therefore, the recipe for riparian denitrification
includes several physical and chemical ingredients: sufficient permeability, downward VHG,

organic matter, and sufficient residence time to become anoxic.



B 02 WO N, Atmosphere

4 2
" A
Stream water surfac /

—~ ! f
- " -~
g ’ Ny pO_VJ\ { N03 ) / / "
- I 1 00™ NH4 Sl | / by
& . \ No- DOC A \TrOCs
~ 3 - 7 ~
/ @,
- % , \NO3 4 » / '3
g . —_—r -~ - e / \Oé
S Aerobic | P i U “raq
¢ ~ \ CO2, / ddation
- ) & ~— - 7
o
N l‘ . - . . . /
.5 = » (Biotic Assimilation 7
: \ 4
o W Vd
4 N 20 N,
>| Anaerobic asoph B Ny 7
= o i

Figure 7. Cross-section of the stream, streambed, and hyporheic zone showing different N and P
(nutrient) compounds and their transformations as they move through the hyporheic zone
(Lawrence et al., 2013).
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Figure 8. Nitrogen cycling through an oxic/anoxic zone (Alvarez et al., 2013).
1.2.5 Urban impairment of the hyporheic zone

Human activities both directly and indirectly affect the hyporheic zone. Pollution, metal,
and nutrient runoff harm the hyporheos. Urban and industrial particulates disrupt the connection
between the surface water and groundwater and as a result decreases stream bed hydraulic
conductivity (Boulton et al., 2000; Dent et al., 2000). Construction and mining runoff can change

salinity of the hyporheic waters that can harm the hyporheos. Pesticide and metal pollution from



industrial and urban sources can also harm the hyporheos. Construction and highway runoff can
lead to siltation in the hyporheic sediments reducing porosity. Channelization of the stream
removes meander bends, which result in faster flow and reduces downwelling. Channelization
also can disconnect the stream from the floodplain (Hancock 2002). With reduced floodplain
inundation frequency, transient storage and hydrologic retention would decrease.

1.2.6 The hyporheic zone in stream restoration

Stream restoration can be a tool to remediate the hyporheic zone and increase hyporheic
exchange and storage retention. Techniques such as adding large woody debris, riffle-pool
sequences, sediment coarsening, gravel cleaning and riparian planting are used to increase the
health and function of the hyporheic zone (Bernhardt and Palmer, 2007; Meyer et al. 2008). Large
woody debris and other geomorphic features induce pressure gradients that increase hyporheic
exchange. Sediment coarsening is a technique used to increase porosity within the streambed, in
turn increasing hyporheic exchange. Adding riparian plants increases bank stability and adds an
organic material source to the stream and streambed. This carbon source is critical to some
hyporheic functions, such as denitrification, which requires certain levels of organic carbon as
electron donors to fuel the biogeochemical process (Hester and Gooseff, 2010). It has been shown
that restored reaches, using cross-vanes, can significantly increase downwelling directly adjacent
to the cross-vane. Cross-vanes are engineered structures that concentrate the stream flow and
create repeating bedforms (Daniluk et al., 2013).

Considering the many priorities of stream restoration and the frequent need to use stable
bed material, it is common for the hyporheic zone to be overlooked in the design and construction
of stream restoration (Hester and Gooseff, 2013). Even with recent research, our understanding of
hyporheic processes and controls remains fragmented (Ward, 2015). Examining temporal and
spatial variation of hyporheic flux is needed to help advance our understanding of the hyporheic

zone. This research focuses on the pre-restoration vertical hydraulic gradients in an incised urban
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stream. The results of this research will be used as a benchmark to assess restoration effects on
the hyporheic zone.
1.3 Objectives

The primary objective of this study was to determine the pre-restoration vertical
hydraulic gradients (upwelling and downwelling) beneath the channels in a forested urban stream
and selected tributaries. Because downwelling water into the hyporheic zone can promote
processing, this study will provide a benchmark for evaluating the future success of restoration at
meeting water quality objectives. Geomorphic structures are known to induce groundwater
surface water interactions and will be examined as potential hyporheic flux hot spots. The vertical
hydraulic gradient indicates the direction of movement in the z-orientation. If the water is moving
from the groundwater to the stream water (upwelling) or moving from the stream to the
subsurface (downwelling). Factors influencing hyporheic exchange are the permeability of the
sediment, bedform shape, and the geomorphic structure. Figure 9 shows the difference between a
natural channel and an urbanized channel, and the hydrographs of both.

This research has examined the pre-restoration groundwater surface water interactions of
an incised urban-forested stream in the Piedmont region of North Carolina. In this study, physical
and chemical data were gathered pertaining to groundwater-surface water interactions in the pre-
restoration period. This research has been supplemented with data collected by the Reedy Creek
Restoration Study. The Reedy Creek Restoration Study has collected hydrologic data from wells

and streams in the Reedy Creek watershed since 2013.
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Figure 9. Urbanized channels result in steep banks and lowered water tables compared to natural
channels (Groffman et al., 2003) The figure on the right shows the difference between an urban
and forested hydrograph. The urban hydrograph shows a sharp spike in both rising and falling
limbs. These sharp spikes characterize the high fluctuations in discharge.

1.4 Study Reach

The headwaters section of Reedy Creek is a second-order stream with a drainage area of
6.5 km”. The USGS gauging station marks the end of the study reach. The stream originates on
soil-covered hillsides typical of the Piedmont with scattered outcrops of meta-quartz diorite and
residual saprolite. Saprolite is chemically weathered rock that can range in permeability (White et
al., 2001). The stream flows over and cuts into a subhorizontal geomorphic surface roughly
equivalent to a floodplain, especially in the lower reaches.

Reedy Creek is a forested urban stream and shows some attributes of urban stream
syndrome, including flashy hydrograph, heavy sediment loads, and low macroinvertebrate counts
and diversity (Figure 10). The fluctuation of discharge has stripped the banks of its vegetation and
has been incised. The incised stream flows over a sand and gravel streambed in places, and
saprolite and bedrock in others. The RC upper watershed (RCW) has been selected for restoration

based on its current state, especially the deep bank incision that extends downward to saprolite
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and bedrock in many places (Figure 11). Some incision might have been a result of prior
agricultural land use, when streams in the Charlotte region were apparently straightened and
dredged. These levees are assumed to be artificially made. It is likely that these tall levee-like
structures represent sediment removed from straightening the stream.

In the original Reedy Creek Restoration Project monitoring program in place since mid-
2013 (McMillan and Clinton, 2013), RCW was sub-divided into 5 sub-watersheds based on land
use: pond-influenced (P), control/underdeveloped (C), agriculture (A), development (D), and
lower Reedy Creek (R) below the confluence of D, P, and C (Figure 12). Reach C2 lacks incision

and is underdeveloped making it the control reach for Reedy Creek. C2 will not be restored.
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Figure 10. Hydrograph of Reedy Creek at reach R1, the main watershed outlet, during the period
of the study (Aug 1, 2016 — March 1, 2017). Red vertical lines signify dates of VHG
measurements. During the period of the study the amount of precipitation was typical for the
study area (USGS 351540080430045 CRN-16 at waterdata.usgs.gov).
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Figure 11. The D1 study reach showing the ~10’ deep incision.
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Figure 12. Map of Reedy Creek, sub-watersheds, and sampling locations (McMillan and Clinton,
2013).

2 Hypotheses

It was hypothesized that the study reaches will be overall nef upwelling in the pre-
restoration condition.

It was further hypothesized that geomorphic structures will act as hyporheic exchange
hotspots and may show localized downwelling at predicted reaches in the pre-restoration
condition:

o Upwelling will take place at the bottom of a meander bend.
o Upwelling will take place downstream of a debris jam.

o Upwelling will take place downstream of a gravel bed.

e Downwelling will take place at the top of a meander bend.

¢ Downwelling will take place upstream of a debris jam.
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¢ Downwelling will take place upstream of a gravel bed.
e Downwelling will take place within pools.
e Downwelling will take place downstream of a bedrock formation.
3 Methods
3.1 Reach infrastructure
This study used five transects established at Reedy Creek Nature Preserve. Each surveyed
transect contained 2 monitoring wells and a location for high-frequency (weekly) surface water
sampling. Monitoring wells were screened approximately 12-20 feet below the surface, which is
generally below the water table during most conditions at most reaches.
3.2 Horizontal hydraulic gradients
All five study reaches’ monitoring wells and piezometers were surveyed as part of
participation in the GEOL 5145 Hydrogeology course. A Topcon total station was used for
surveying. Each reach had one to three survey stations, which had a clear view of the monitoring
wells and piezometers. Once the survey data were collected at the different survey stations, the x
distance was made relative to the riparian well. The relative z elevations were given absolute
elevations based on the monitoring well top of casing elevation previously surveyed by the city of
Charlotte.
Horizontal hydraulic gradients were measured between upland and riparian settings using

relative water levels in the wells and piezometers and a survey of horizontal distances.

. . . dh dif ference of hydraulic head between upland and riparian
Horizontal hydraulic gradient = = i SRy L L )

€]

(distance between upland and riparian)
3.3 Vertical hydraulic gradients

Piezometer nests were used to measure vertical hydraulic gradients in the hyporheic zone
beneath Reedy Creek and its tributaries approximately weekly at baseflow. Piezometers were
installed at selected in-stream structures that were hypothesized to be possible locations of hot

spots for hyporheic flux (downwelling and upwelling). The piezometer nests were constructed
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within 50 meters upstream or downstream from the transect at each reach. To construct these
nests, 1”” diameter PVC pipes, each 5 ft long were inserted at three different depths, typically 30,
50 and 75cm below the streambed (where depth to bedrock allowed; Figure 13). The piezometers
were perforated across a ~15 cm open interval at the bottom of the tube. These three depths were
used to quantify upwelling or downwelling relative to the water levels in the stream and in the
other piezometers at that nest. The sign of dh/dz indicates which vertical direction the
groundwater could flow if flow occurred. A positive dh/dz indicates an upward direction of flow

(upwelling) and a negative dh/dz indicates a downward direction of flow (downwelling; Figure

14).

dh _ (water level in stream—water level in piezometer) (2)
dz (depth of piezometer below stream)

also as,

% — (hs—hp) (3)
dz (depth of piezometer below stream)

hy is the water level in stream and h,, is the water level in the piezometer.
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Figure 13. Piezometer measurements taken to calculate a vertical hydraulic gradient. The height
from the top of piezometer to the stream water (/) and the height from the top of piezometer to
the water level in the piezometer (4,). The depth of the piezometer below the bed also must be
known to calculate VHG.



Vertical hydraulic gradients, dh/dz, were calculated between each piezometer and the
stream water level on each date. Piezometers were initially read weekly to monitor the response
of new piezometers and to watch them stabilize. Once the piezometer recharge rates were

analyzed, readings became less frequent by the end of the study (biweekly to monthly).
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Figure 14. An example of piezometers showing downwelling in piezometer #1 and upwelling in
piezometer #2, relative to the stream. dh/dz is defined with the sign convention that a positive
value of dh/dz represents upward hydraulic gradient.
3.4 Water sampling and analysis

Piezometer nests, stream water, and the monitoring wells were sampled at baseflow. The
water sampling procedure was: (1) measure /,, distance from top of tube to water level inside
piezometer and 4, the distance from top of piezometer to water level in stream (Figure 13). (2) A
bailer was then used to remove stagnant water from piezometers. (3) Once bailed, a wait time was
administered to allow piezometers to recharge partially or fully. (4) Stream water and piezometers
samples were then collected using grab sampling, hand pump, or peristaltic pump. (5) The
samples were then filtered in the lab using 0.2 micron polyethersulfone (PES) filters.

Monitoring well samples were collected using a similar protocol after purging stagnant
water. Stream samples were taken the same day as piezometer and well samples. Temperature,

pH, specific conductivity, and dissolved oxygen were measured in the field using YSI

Professional Plus multiparameter meter.
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Water samples were analyzed for alkalinity, anions, cations, nutrients (nitrate, nitrite, and
phosphate), and water isotopes (oxygen and hydrogen). Upon return to the laboratory, water
samples were refrigerated and the cation samples were preserved with a few drops of high-purity
nitric acid to a final acidity of 0.5%. Alkalinity concentrations were measured by Gran titration
using a Metrohm digital titrator with 0.1M hydrochloric acid. Cations (sodium, potassium,
magnesium, calcium) were analyzed using a Dionex DX-500 ion chromatograph with AS14A and
AG14 analytical columns. Anions (fluoride, chloride, nitrate, sulfate) were analyzed using a
Dionex DX-500 ion chromatograph with C-12 analytical column. Isotope samples were wrapped
in parafilm to reduce any evaporation prior to analysis. Water isotopes (8'*0 and §°H) were
analyzed using a Los Gatos Research (LGR) DLT-100 liquid water isotope analyzer (LWIA).

In addition, radon samples were collected during the months of May and June 2017 to
fingerprint groundwater inputs to surface water at baseflow. I collected large-volume (2 liter),
unfiltered water samples from the stream and monitoring wells, and two piezometer samples
(where piezometer would yield enough water) resulting in five water samples from five study
transects. Due to the slow throughput of radon analysis, each transect was sampled once during
the project, on staggered dates. Not all study transects had piezometers with high enough K to
yield the required recharge for sample collection. A total of 19 radon samples were collected. The
large-volume water samples were analyzed immediately upon return to the lab using a Durridge
RAD7 radon analyzer because of the short half-life of radon (3.8 days).

3.5 Data analysis

To examine the reach-to-reach correlation between geomorphic setting and
upwelling/downwelling, vertical hydraulic gradients were compiled by hydrologic setting and
then compared using Student’s t-test. The Student’s T-test was set up by comparing geomorphic
features of hypothesized downwelling reaches against geomorphic features of hypothesized

upwelling. For example: “Above meander bend” with “above debris jam” (hypothesized
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downwelling reaches) against "below meander bend” with “below wood jam” (hypothesized
upwelling reaches).
3.6  Slug Testing using Hvorslev Method

The Hvorslev method was used to determine hydraulic conductivity (X), performing slug
tests. The Hvorslev method is based on the observation that water level returns to the static water
level at an exponential rate and the recovery time depends on the K of the porous material
(Hiscock and Bense, 2014). Using the Hvorslev method, a semi-logarithmic plot of the ratio of
h/hy over time was made.

The Hvorslev method assumes a homogeneous, isotropic material in an unconfined
aquifer. It is assumed the substrate is homogeneous and isotropic because the piezometer
openings at each depth are at a small increment rather than covering the entire thickness of the
aquifer. It is assumed that the length of the piezometer, L, is more than eight times the radius of
the screened interval, R. This was the case for the piezometers, which were 5 feet in length, with a
radius of 0.5 inches and the case for the wells that range from 12 feet to 21 feet deep and have a
radius of 1 inch.

(2 %)
=T 4

(2Lt37) “)

In Equation 4, K is hydraulic conductivity, r is radius of the piezometer, L is length of the open

interval of the piezometer, and #;; is the time lag for the water level to rise or fall to 37% of the

initial change induced by the perturbation (Hiscock and Bense 2014).

3.7 Vertical and horizontal specific discharge

Vertical and horizontal specific discharge, (¢, and g, respectively) are the hydraulic
conductivity of the sediment multiplied by the hydraulic gradient (Eq. 5, Eq.6). Vertical specific
discharge uses the hydraulic gradient in the z direction while horizontal uses it in the x direction.
Vertical specific discharge represents the vertical component of the hyporheic flow velocity

(upward or downward). Horizontal specific discharge was used to find the horizontal component
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of groundwater flow velocity from the upland and riparian wells in each transect to the

piezometers. The equation for horizontal specific discharge (g,) is:
dh
qx =—-K (5)

The equation for vertical specific discharge (g.) is:

dh
qz =~ K (6)

3.8 Radon Analysis

Radon samples were taken at baseflow for all five reaches. The purpose of this sampling
was to differentiate the piezometer samples to find which water was dominant. Radon-222 is not
naturally found in precipitation and is created by water-rock interaction within the subsurface.
The only way for the radon to be in the stream water is for upwelling of the groundwater to the
surface water.

The Durridge RAD7 radon counter detects the alpha decay energy of radon's radioactive
decay. It is used in conjunction with the RADH?2O, a closed-loop water aerator. Sample volumes
were 2000 mL for surface water and 250 mL for groundwater/piezometers. Samples were decay
corrected to the time of collection.

4 Results
4.1 Vertical hydraulic gradients

The VHGs reported in this section were calculated using equation 2. VHG averages were
calculated but not used for interpretation. The VHG averages were skewed due to isolated high
VHG results and did not accurately represent the reaches/piezometers.

4.1.1 VHGs at the five study reaches on each date
These VHG results are for each individual date at each of the five study reaches. Each

median is for one date only.
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4.1.1.1 R2

Study reach R2 had a median VHG apparent downwelling signature -0.01 to -0.02. The
largest reach-wide median apparent downwelling was seen on 10/17/16, 11/8/16, and 1/5/17.
There was no median reach-wide apparent upwelling for any of the sampling dates. Two dates
had a median VHG of zero, 8/11/16 and 8/30/16. Maximum VHG ranged from 0.07 to 1.28.
Minimum VHG was -0.03 to -0.85. Study reach R2 had a range of VHG from 0.15 to 1.80
(Figure 15, Figure 20, Table 1).
4.1.1.2 Al

Study reach Al had a median VHG apparent downwelling signature of >-0.01 to -0.05.
The largest reach-wide median apparent downwelling happened on 10/17/16. There is no reach-
wide median apparent upwelling for any date. On 1/20/17 the reach had a median VHG of zero.
Maximum VHG ranged from 0.01 to 0.31. Minimum VHG was from 0.00 to -0.38. The range of
VHGs were 0.01 to 0.66 (Figure 16, Figure 21, Table 2).
41.1.3 C1

Study reach C1 had median VHG apparent downwelling signature of -0.01 to -0.07. The
largest median reach-wide apparent downwelling happened on 9/14/16. The median VHG
apparent upwelling signature was 0.02 to 0.09. Only two dates had a reach-wide median apparent
upwelling, dates 11/30/16 and 1/5/17. The largest apparent upwelling happened on 1/5/17.
Maximum VHG was 0.00 to 0.63. Minimum VHG was from -0.05 to -0.55. Range of VHGs was
0.15 to 0.97 (Figure 17, Figure 22, Table 3).
4.1.14 D1

Study reach D1 had a reach-wide median VHG apparent downwelling signature of >-0.01
to -0.02. The largest reach-wide median apparent downwelling happened on 8/31/16 and
10/19/16. There was no reach-wide median VHG apparent upwelling signature for any dates.

Dates 9/7/16, 9/14/16, 9/28/16 and 11/9/16 had a median VHG of zero. Maximum VHG was 0.01
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to 0.30. Minimum VHG ranged from -0.01 to -0.08. The range of VHGs were 0.02 to 0.32
(Figure 18, Figure 23, Table 4).
41.1.5 P1

Study reach P1 had reach-wide median VHG apparent downwelling signature of -0.01 to
-0.06. The largest median apparent downwelling happened on 8/31/16. The reach-wide median
VHG apparent upwelling signature was <0.01. Only one date had an apparent upwelling signature
(2/3/17). 11/9/16 had a median VHG of zero. Maximum VHG was 0.03 to 0.63. Minimum VHG
was -1.24 to -0.01. The range of VHGs were 0.04 to 1.40 (Figure 19, Figure 24, Table 5).
4.1.2 VHGs at the five study reaches across all measurement dates

The VHG results are shown by each individual piezometer and producing a median for
all dates of the study. This shows a median of all the measurements that all the piezometers have
had. For example, if a reach had a median apparent upwelling signature range of 0.13 to 0.42, one
of the piezometers had the lowest median apparent upwelling of 0.13 and another piezometer had
the highest median apparent upwelling of 0.42 across all the measurement dates.
4121 R2

Study reach R2 had a median VHG apparent downwelling signature of >-0.01 to -0.78,
encompassing 14 of the total 18 piezometers. The piezometer with the largest apparent
downwelling was “BDJ#1 75cm.” The median VHG apparent upwelling signature was 0.04 to
0.50, encompassing four of the total 18 piezometers. The piezometer with the largest apparent
upwelling was “ADJ#2 30cm” (Table 6).
4122 Al

Study reach Al had a median VHG apparent downwelling signature of >-0.01 to -0.09,
encompassing 13 of the total 18 piezometers. The piezometer with the largest apparent
downwelling was “BDJ#2 75cm.” The median VHG apparent upwelling signature was 0.01 to
0.05, encompassing five of the 18 piezometers. The piezometer with the largest apparent

upwelling was “BOM 50cm” (Table 7).
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4123 C1

Study reach C1 had a median VHG apparent downwelling signature of -0.01 to -0.14,
encompassing six of the total 11 piezometers. The piezometer with the largest apparent
downwelling was “AGB 70cm.” The median VHG apparent upwelling signature was 0.08 to
0.25, encompassing four piezometers of the total 11. The piezometer with the largest median
apparent upwelling was “Pool #2 30cm.” One piezometer had a median VHG of 0.00 and
showed no flux, “BGB#1 45cm” (Table 8).
4124 D1

Study reach D1 had a median VHG apparent downwelling signature of >-0.01 to -0.03,
encompassing 15 of the total 20 piezometers. The piezometer with the largest median apparent
downwelling “BGB#1 20cm.” The median VHG apparent upwelling signature was 0.01 to 0.17,
encompassing five of the total 20 piezometers. “Pool#1 75cm” had the largest median apparent
upwelling (Table 9).
4125 P1

Study reach P1 had a median VHG apparent downwelling signature of -0.01 to -0.23,
encompassing 14 of 20 piezometers. The piezometer with the largest median apparent
downwelling was “ADJ#1 25cm.” The median VHG apparent upwelling signature was <0.01 to
0.14, encompassing five of the 20 piezometers. The piezometer with the largest apparent
upwelling was “ADJ#2 50cm.” One piezometer had a median VHG of 0.00 and showed no flux,

“BOM 50cm” (Table 10).
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31

® GB#1

® GB#2

® GB#3

® GB#4

®BDJ

® ADJ



0.4

0.3

0.2

0.1

VHG

Piezometer Nest

Figure 21. VHGs of each piezometer nest at reach A1l.
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Figure 24. VHGs of each piezometer nest at reach P1.

35

®BOM
®BR
®TOM
® ADJ#1
®BDJ#1
® ADJ#2
® BDJ#2



6L°0 P0°l 98°0 L80 16°0 08°l 6Ll 0'C PEl SI°0 0Tl aguey
IpIm
-yoedy
69°0- 9L°0- 08°0- 08°0- $8°0- SL0- 6L°0- 9L°0- 90°0- €0°0- S0°0- Ul 9pIM
-yoedy
600 8C°0 90°0 80°0 L00 90°I 00°I 9Tl 8C'1 cro SI'T XBJA 9pIM
-yoedy
S0°0- ¥0°0- L0°0- 90°0- 80°0- 10°0- €0°0- 700 600 000 0ro aderoAy
IpIm
-yoedy
10°0- 0°0- 10°0- 0°0- 0°0- 10°0- 10°0- 000 10°0- 10°0- 000 UBIpIAl
IpIm
-yoedy

DOHA DOHA DOHA DHA DOHA OHA DHA DOHA DOHA OHA OHA
L1/0T/1 L1/S/T 9I/0¢/T1 91/8/11 9I/LT1/0L IL/EL/6 91/9/6 91/0¢/8 IL/ve/8 91/91/8 IL/1L/8 [4: |

"u9Ye) 9IOM SIUSWIAINSBAW DH A 9IEP OB U0 HHA JO 9FueI pue WNWIUIW ‘WNWIXBW ‘OFBIOAL ‘UBIPIW 7Y Yoedy ‘[ 9[qel

36



10°0

610

6¢0

o

6€0

LTO

00

vTo

8C°0

€0

99°0

€0

duey
IpIm
-yoedy

00°0

L00"

£€C0-

01°0-

8¢0-

80°0-

€ro-

SI°0-

1T0-

90"

Se0-

0C0-

U
IpIm

-yoedy

10°0

cro

ST°0

cro

10°0

610

LO0

600

LO0

S0°0

€0

€00

XAl
IpIm

-yoedy

00°0

10°0

00"

c0°0-

60°0-

10°0

00"

00"

¥0°0-

¥0°0-

£€0°0-

¥0°0-

F)
geray

IpIm
-yoedy

00°0

10°0-

00"

c0°0-

S0°0-

00°0

10°0-

10°0-

00"

10°0-

c0°0-

¥0°0-

UEIpIA
P

-yoedy

DHA

DHA

DOHA

DHA

DHA

DHA

DOHA

DOHA

DOHA

DOHA

DHA

OHA

L1/0T/1

L1/S/T

91/0¢/11L

91/8/11

9I/LT/01

91/8¢/6

IL/ETL/6

91/0¢/8

IL/ve/8

91/91/8

IL/IL/8

v

"U9Ye) 9IOM SIUQWIAINSBAW DHH A 9IEP [OBd U0 HHA JO 95uLI pUB ‘WNWIUTW ‘WNWIXBUW 9FLIOAR ‘UBIPIW [V Yoedy " 9[qeL

37



0€0 87°0 €L°0 L6°0 wo LTO €0 0L0 (4] SI'o 91°0 aguey
IpIm
-yoedy
S0°0- v1°0- SS0- ¥€0- ¥1°0- LT0- 8C°0- 81°0- 91'0- €ro- ¥1°0- Ul 9pIM
-yoedy
STo Se0 81°0 €9°0 8C0 000 €0°0 (430 S0°0 10°0 00 XBJA 9pIM
-yoedy
00 ¥0°0- €0°0- S0°0- S0°0- L0°0- ¥0°0- €0°0 €0°0- ¥0°0- ¥0°0- aderoAy
IpIm
-yoedy
80°0 10°0 10°0- €0°0- 0°0- 90°0- 0°0- €0°0- 10°0- €0°0- €0°0- UBIpIAl
IpIm
-yoedy

DOHA DOHA DHA DOHA DHA DHA OHA DOHA DHA DHA DHA
LY/S/T 91/0¢/11 91/6/11 91/61/01 91/8¢/6 91/¥1/6 91/L/6 II/1¢/8 91/TU/8 91/81/8 9I/11/8 1D

"U9Ye) 9IOM SIUQWIAINSBAW DH A 9JEpP YOed U0 sonjea 93uel pue WNWIUIW ‘WNWIXEW QFLIOAR ‘UBIPOW [ YoedYy "€ 9[qeL

38



00

SE0

o

10

€0

0

vTo

8C°0

o

€ro

600

o

duey
IpIm
-yoedy

10°0-

S0°0-

S0°0-

00"

90°0-

¥0°0-

£0°0-

S0°0-

90°0-

80°0-

S0°0-

00"

U
IpIm

-yoedy

10°0

0€0

L1°0

LT°0

8C0

10

o

91°0

90°0

¥0°0

00

XeJAl
Ipm
-oedy

00°0

10°0

000

10°0

c0°0-

€00

10°0

10°0

10°0-

10°0-

10°0-

00

EYTREIN
IpIm
-yoedy

00°0

10°0-

10°0-

000

c0°0-

000

000

000

c0°0-

10°0-

10°0-

00°0

UEIpIA
P

-yoedy

DHA

DOHA

DOHA

DOHA

DHA

OHA

DHA

DOHA

DHA

DOHA

DHA

DHA

L1/ere

L1/S/T

91/0¢/11L

91/6/11

91/61/01

91/81/6

9I/v1/6

91/L/6

91/1¢/8

IL/TU8

91/81/8

9I/TL/8

1a

‘u9Ye} AIOM SIUSWIAINSBAW DHH A 9IEp [OBd UO Son[ea 93uel pue WNWIUIW ‘WNWIXEW ‘QFLIOAR ‘URIPOW [ Yoeay § 9[qel

39



¥0°0

SO'I

€0

s o

SLO

S0

Sv'0

LLO

€0

LEO

8¢€0

611

Jduey
IpIm
-yoedy

10°0-

I°0-

YT 0-

ce0-

010"

6¢0-

8C0-

81°0-

10~

0C0-

YT 0-

950"

U
IpIm
-yoedy

€00

¥9°0

60°0

0C0

91°0

650

01°0

81°0

€ro

£9°0

XA
IpIm
-yoedy

000

000

90°0-

¥0°0-

L00-

80°0-

S0°0-

10°0-

LO0-

¥0°0-

¥0°0-

¥0°0-

EYTAEINY
IpIm
-yoedy

000

00"

00"

000

£0°0-

¥0°0-

00"

¢0°0-

90°0-

€0°0-

£0°0-

10°0-

UEIpIA
P

-yoedy

DHA

DHA

DHA

DHA

DHA

DHA

DHA

DHA

DHA

DHA

DHA

DHA

L1/€re

L1/S/

I

9IL/0E/TL

91/6/11

91/61/01

91/8¢/6

IL/vli6

91/L/6

91/1¢€/8

IL/TL/8

91/81/8

II/TL/8

Id

"U9Ye) 9IOM SIUSWIAINSBAW DH A 9Jep Yoo uo sonjea d3uel pue WNWIUIW ‘WNWIXEW “Q

BIOAR ‘UBIPOW [ J YoBY ‘G 9[qe L

40



0S50 10°0 €0°0- 10°0 00~ 10°0- 901 00°T 9T'1 8T'1 SI'T 0¢ wrav

10°0- 10°0- 010 10°0- 10°0- 200~ 0°0- 20°0- €0°0- €0°0- 10°0- 0s Heav
620" z10- €70~ 620" 800 17°0- Tr0- 9%°0- SL Weav
10°0- $0°0- 10°0- €0°0- $0°0- 90°0- 000 000 000 000 000 3 Head
200~ 200~ 200~ 0°0- 20°0- 0°0- 0°0- 0°0- 20°0- 20°0- 200 10°0- 0s Hrad
8L0- 690" 9L°0- 08°0- 08°0- $8°0- L0 6L0" 9L°0- SL Hrad
200~ 200~ 200 800" 000 ¥0°0- 200~ €0°0- 90°0- 10°0- 10°0- 0¢ vHaD
10°0- 10°0- 10°0- 10°0- 10°0- 10°0- 10°0- 200~ 20°0- 10°0- 10°0- 0°0- 0s vHaD
00 €00 800 000 000 L0°0 000 00 L0°0 010 oL vHaD
200~ 10°0- €0°0- 200" ¥0°0- ¥0°0- 000 000 000 3 K0
200~ 10°0- 200~ 10°0- 20°0- 200~ 20°0- 10°0- 20°0- 20°0- 20°0- 000 0s €4 99
000 000 10°0- 000 20°0- 000 000 000 000 10°0- 10°0- 000 SL €4 99
€0°0- 10°0- €0°0- 10°0- ¥0°0- 00" 000 770~ 700 €0°0- €0°0- 00" 3 wan
10°0- 10°0- €0°0- 0°0- 0°0- 900 0°0- 000 000 000 000 0s wWan
000 10°0- 10°0- 000 20°0- €0°0- 10°0- 000 000 000 000 000 SL wWan
200" €0°0- 000 100 10°0- 200" 10°0- 200~ 200~ €0°0- 200~ 00" 3 I# 4D
L0°0 900 200~ 900 010 L0°0 010 0s # 49
500 600 820 900 200 00 10°0- 000 000 200 z1o €0 SL # 49
sajep DHA DHA DHA DHA DHA DHA DHA SHA DHA DHA DHA phq R ETE
TIe 10§
ueIpIW
LIOUT L1/S/T 91/06/IT  9L/8/IT  9T/LT/OT 91/ET/6 91/9/6  91/0€/8  9TATS  919/8  9L/IL/8 2]

“1919w0za1d oY) ur 931eYI3I MO[S 0} NP JJBINOOL JOU SBM BJBD K[IBD
10 P3309[[09 9q 10U PO BIep Iojowozold oy} Jey) JOYIS SUBIUI [[00 NUB[Q V 7Y YOoBal 0] 9)ep [oed Je 10jowozald yoes 10J e1ep DHA ‘9 9[qel

41



S0°0- 00°0 L0°0~ ¥0°0- 200~ 10°0- 10°0- 110" cro- SIo- 110" 10°0- S0°0- 0¢ wrav

L0°0- 000 200" 200" £0°0- ¥0°0- L0°0~ €1°0- ro- €1°0- 170" L0°0- 0s wrav
90°0- 000 200" £0°0- ¥0°0- £0°0- 900 60°0- 110" 01°0- 01°0- 60°0- 80°0- SL wrav
200" 000 ¥0°0- 200" S0°0- 90°0- 000 200 10°0 10°0- ¥0°0- £0°0- 200" 0€ wrad
€00~ 000 S0°0- ¥0°0- ¥0°0- S0°0- 61°0 10°0 000 200" 10°0- S0°0- ¥0°0- 0s wrad
60°0- 10°0 90°0- L0°0~ 01°0- 81°0- 80°0- 170" S1°0- 1T0- 9C°0- 200" £0°0- SL wrad
10°0 000 10°0 10°0- ¥0°0 10°0- 200 10°0- €00 0€ #rav
000 000 10°0- 10°0- 10°0- 10°0- 10°0 10°0 €00 0s #rav
000 000 10°0- 000 200 000 10°0 000 10°0 SL #rav
200" 000 10°0- 200" 000 £0°0- 000 ¥0°0- ¥0°0- 10°0- 200" 1€°0 ¥0°0- 0€ I#rad
€00~ 000 80°0 £0°0- £0°0- 90°0- ¥0°0- 200" 200~ £0°0- S0°0- SE0- 0C°0- 0s I#rad
10°0 000 cro 10°0 000 £0°0- 200" 10°0 L0°0 £0°0 10°0 90°0- S0°0- SL I#rad
10°0- 000 000 10°0- 00" 10°0 200" 200" 10°0- £0°0- 10°0- 000 £0°0- 0€ NOL
10°0- 000 10°0- $0°0- 10°0- 000 cro 200" 200" 10°0- 10°0- 10°0- ¥0°0- 0s NOL
¥0°0- 000 200 000 200" 90°0- ¥0°0- ¥0°0- S0°0- L0°0- SL NOL
200" 000 200" €C0- L0°0" 8¢€°0- cro L00 10°0- 200" 200" 0€ o4
S0°0 10°0 (N0 S1°0 €00 v 0- ¥0°0 S0°0 60°0 L00 S0°0 0s o4
€00 10°0 600 90°0 <o £C0- £0°0 ¥0°0 €00 000 000 S9 o4
$9jep DHA DHA DOHA DOHA DHA DHA DHA DHA DHA DHA DHA DHA () 1AWz
1Ie 10} pdaq
UBIPIN]

LT/0UT L1/S/T 91/0¢/11 91/8/11 91/LT/01 91/8¢/6 9II/El/6 91/

6 91/0¢/8 9II/¥L/8 91/91/8 9II/T1/8 v

“191owo0za1d oy} ul 93IeYI3I MO[S 0} NP JJBINOOL JOU SBM BJBD K[IBD
10 P9IO9[[09 2q J0U PINOJ eIep 10jowozard Y) ey JOYIS SUBAW [[90 JUB[q V "]V YOBAI 0] 9)ep [oed je 10jowozald yoes 10J e1ep DHA ‘L 9[qel

42



ST0 ST0 Se0 $S°0- £€9°0 8T°0 60°0- 070 0€¢ T# 1004
zro zro 91°0 81°0 970 S0°0 81°0- L1°0 0 T# 100
80°0 60°0 80°0 01°0 AN0) 80°0 10°0- €070 SL T# 100
€1°0 Tro 110 Y10 61°0 0S 1# 100d
€10 L0°0 070 01°0 vE0- €10 LT0" 870" SL 1# 100d
10°0- 20°0- 20°0 100 €070 €0°0" 10°0- 000 10°0- 10°0- €0°0- 10°0 0€¢ #4904
000 91°0 90°0- 0°0- 00 10°0- 10°0- 000 430) S0°0 100 L0°0- St 14494
10°0- zro €070~ 10°0- 070 20°0- 90°0- 20°0- 10°0- 100 100 200 s 14494
070 S0°0- 20°0- 10°0- S0°0- 070 L0°0- 10°0- S0°0- 10°0- S0°0- 20°0- 0€¢ #4949V
070 £€0°0~ €070~ 20°0- 070 £0°0- 90°0- 070 L0°0- £0°0- 070" 070 0 #4949V
Y10 070 v10- €1°0 910 v10- 61°0- 910 81°0- 91°0- €1°0 Y10 oL #4949V
sajep DHA DHA DHA DHA DHA DHA OHA DOHA DHA DHA DHA (uo) FOETTVZTE
IIe 1oy pdaq
ueIpIN
LY/S/ 91/0€/11 91/6/11 91/61/01 91/87/6 9I/F1/6 91/LI6 91/1€/8 9I/Ty8  9I/8L/8  9V/IN/8 [ fe)

“191owo0za1d oy} ul 93IeYI3I MO[S 0} NP JJBINOOL JOU SBM BJBD K[IBD

10 PaIO9[[09 2 JOU PINOJ BIep Iojowozard oY) Jey} JOYIIS SUBAW [[90 JUB[q V "1 [OBaI 10} 9)ep [oes Je 1930wozard yoes 10} ejep DHA 'S 9[qeL

43



10°0- 00°0 ¥0°0- 200~ 10°0 90°0- 000 10°0- ¥0°0- 10°0- 10°0- 000 ST wWwaod

10°0 00°0 10°0- 200 10°0 070 100 100 10°0 000 070 200 200 0 waod
10°0 00°0 000 €0°0 10°0 10°0- 10°0 000 200 £0°0 020 SL waod
100 000 €0°0- 200 20°0- 000 000 000 000 90°0- 90°0- €0°0- 200" 07 HADV
000 00°0 €0°0- 10°0- 000 000 8T°0 000 000 £0°0- 20°0- 000 100 ¢ WHADV
100 00°0 10°0- 100 000 20°0- 100 10°0- 000 20°0- 20°0- 10°0- 100 0 WHADV
100 000 10°0- 200" 000 S0°0- 0€ €# 100d
100 000 20°0- 100 000 070 0 €# 1004
000 000 000 000 000 £€0°0~ SL €# 1004
100 000 20°0- 100 000 100 070" 10°0- S0°0- 20°0- €00 10°0- 200" 0S T# 100d
000 000 SI°0 000 000 000 20°0- 000 £€0°0~ 10°0- 000 10°0- 000 SL T# 100
100 000 ¥0°0- 100 20°0- 20°0- 000 10°0- 100 ¥0°0- 10°0- 20°0- 000 0€¢ #4949V
100 00°0 20°0- €0°0- 10°0 10°0- 20°0- 000 10°0 20°0- 20°0- 100 000 st 1#49V
10°0 100 01°0 S0°0 20°0 000 100 €070 000 90°0 10°0 09 #4949V
€0°0- 000 €0°0- S0°0- 20°0- S0°0- €0°0- €070~ S0°0- 80°0- S0°0- 000 07 #9494
100 000 90°0 €0°0- 10°0 20°0- 10°0- £€0°0~ 10°0- £0°0- €0°0- 000 0€ #9494
90°0 000 €0°0- 90°0 20°0- 070 120 A 91°0 90°0 (114 #9494
100 000 10°0- 100 10°0 20°0- 0€¢ 1# 100d
100 00°0 10°0- 100 10°0 20°0- 0 1# 100d
L0 100 0€°0 AN 81°0 LT°0 SL 1# 100d

sajep DHA DHA DHA DHA DHA DHA DHA DHA DHA DHA DHA DHA (wd)  asn)
IIe 1oy ydaq
ueIpIN

LV/EIT LY/S/ 91/0€/11 91/6/11 9I/61/01  91/8T6  91/1/6 91/L/6 9I/1E/8  9L/TU8 9188 9V/IN/8 a

“1919w0za1d oY) ur 931eYIaI MO[S 0} NP JJBINOOL JOU SBM BJBD K[IBD
10 PAJOS[[09 9q J0U P[NOJ BIEp Iojowozard oy Jey} JOYIS SUBIW [[90 JUB[q V ‘(] YOraI J0J d)ep yoed je 19jowozard yoes 10J vlep DHA "6 2[qeL

44



€0°0- 000 S00-  20°0- 000 90°0- S00- 100 200 600 $0°0- 700" 100~ st wrag
200 000 o 200 $00-  €0°0- 000 $0°0- 200 L0°0- 10°0- 10°0- 950~ 0s wrag
000 10°0 $00-  90°0- 700~ 100 L00- 200 €00 10°0 900 €0°0 L0°0 SL wrag
y10 200 €20 600 0T0 S€0 STO 2Io 910 010 810 €10 600 0s Hrav
80°0- 10°0 800 L0°0- 700~ $00- 0T0-  $I°0- o €10 60°0- oro- 200 SL wrav
200 000 700~ 200 10°0 70°0- 000 10°0- 10°0- £0°0- 200 90°0- 80~ st T#rad
10°0- 000 100- 000 000 000 00~ 100- 10°0- $0°0- 200 200 000 0s 1#ragd
200 000 00-  0°0- 000 200 pIO-  S0°0- 10°0- $0°0- 200 500 200 SL 1#ragd
€20 €00 w0~ ¥Co0- o LEO 6C0- 120 810 170- 070 ¥T0- 0T0- st THAV
91°0- 10°0- wo- €20 €0-  LTO- 6ro-  TIo- o S1°0- S1°0- 91°0- 910~ 0s 1#av
070 000 810- 120 0T0-  $T0- 6€0-  TT0- 81°0- 070 L10- wo- S10- sL 1#av
€00 000 900~ 000 10°0 10°0- 700~ 200" $0°0- 200 $0°0- 700" ¥00- ST wod
000 000 600 200 000 000 000 $0°0- €00 10°0- 200 10°0 $0°0 0s wod
01°0- 10°0 800~  SI°0- 600 600" 90~ 8T0- €10 €10 60°0- 11°0- $00-  sL wod
10°0- 000 00~ 00 000 10°0- 000 10°0- $0°0- ¥0°0- 10°0 900~ st WOL
000 000 P10 000 000 000 10°0 10°0- 10°0 €0°0- 700 200 €9°0 0s WOL
1o 000 o €1 €ro- €10 wo o 60°0- 60°0- 60°0- 90°0- ¥00-  SL WOL
10°0- 000 100~ 100° 000 ¥0°0- 000 100 900 600 $0°0- 10°0 000 ST ud
000 000 9°0 10°0- 200 070 €00 910 650 10°0- 200 10°0 000 0s ud
200 000 o 200 000 10°0 600 700 200 10°0 €00 900 900 SL ud
sajep DHA  DHA  DHA  DHA  DHA  DHA  DHA DHA DHA DHA  DHA  DHA (W) h

IIe 10§ pdoq  Pwozdig

ueIpIN
LYE/T  LUS/L  9LOE/T  9L/6/IL  9L/6L/0L  91/8T6  9LWL/6  9ULI6  OU/IE/8  91/ZU8 98I/  9I/ILS 1d

“191owo0za1d oy} ul 93IeYI3I MO[S 0} NP JJBINOOL JOU SBM BJBD K[IBD

10 P9JO9[[09 2q J0U PINOJ BIEP 10Jow0Zzald oY) Je} JOYIIS SUBAW [[90 JUB[q V " d YOoBal 10J 93ep yoed je 10jowozald yoes 10J ejep DHA 01 9198l

45



4.1.3 VHG by geomorphic feature
4.1.3.1 Bedrock

Only one location was suitable for a downstream of bedrock piezometer nest (study reach
P1). One piezometer in this nest had a median apparent downwelling signature of -0.01 across all
dates. Two piezometers in this nest had a median apparent upwelling signature of <0.01 across all
dates. The piezometer with the largest apparent downwelling was “BR 25cm”. The piezometer
with the largest apparent upwelling was “BR 75cm” (Table 11).
4.1.3.2 Pool

Two study reaches contained the “Pool” feature, reach D1 and C1, encompassing five
nests containing a total of 14 piezometers. Nine piezometers exhibited a median apparent
downwelling signature from -0.01 to -0.13 across all sampling dates. Five piezometers exhibited a
median apparent upwelling signature from 0.08 to 0.25 across all sampling dates. The piezometer
with the largest apparent downwelling was in C1 “Pool#1 75cm.” The piezometer with the largest
apparent upwelling was in C1 “Pool#2 30cm” (Table 12).
4.1.3.3 Above debris jam

Three different study reaches contained the “above debris jam” feature (A1, R2, P1)
encompassing five nests containing a total of 14 piezometers. Reach A1l contained two nests, R2
contained one nest, and P1 contained two nests. 10 piezometers exhibited a median apparent
downwelling signature from -0.01 to -0.29 for all sampling dates. Four piezometers exhibited a
median apparent upwelling signature from 0.01 to 0.50 for all sampling dates. The piezometer
with the largest apparent downwelling was at reach R2 “ADJ#2 75cm”. The piezometer with the
largest apparent upwelling was at reach R2 “ADJ#2 30cm” (Table 13).
4.1.3.4 Below debris jam

Three different study reaches contained the “below debris jam” feature (A1, R2, P1),

encompassing five nests containing a total of 15 piezometers. Reach A1l contained two nests, R2
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contained one nest, and P1 contained two nests. 13 piezometers exhibited a median apparent
downwelling signature of -0.01 to -0.78 for all sampling dates. The piezometer with the largest
median apparent downwelling was at reach R2 piezometer “BDJ#1 75cm.” Two piezometers
exhibited a median apparent upwelling signature of <0.01 and 0.01. The piezometer with the
largest apparent upwelling was at reach A1 “BDJ#1 75cm” (Table 14).
4.1.3.5 Top of meander bend

Study reaches Al and P1 are the only reaches with the “top of meander bend” feature,
encompassing two nests containing a total six piezometers. Five piezometers contain a median
apparent downwelling signature of -0.01 to -0.11 for all sampling dates. The piezometer with the
largest median apparent downwelling was at reach P1 piezometer “TOM 75cm.” One piezometer
exhibited a median apparent upwelling signature of <0.01 for all sampling dates, at reach P1
“TOM 50cm” (Table 15).
4.1.3.6 Bottom of meander bend

Study reaches A1 and P1 are the only reaches with the “bottom of meander bend” feature,
encompassing two nests containing a total six piezometers. Three piezometers exhibited a median
apparent downwelling signature of -0.02 to -0.10 for all sampling dates. The piezometer with the
largest median apparent downwelling was at reach P1 “BOM 75cm.” Two piezometers exhibited
a median apparent upwelling signature of 0.03 to 0.05 for all sampling dates. The piezometer with
the largest median apparent upwelling was at reach Al piezometer “BOM 50cm.” One
piezometer exhibited a median VHG value of zero across all sampling dates, at reach P1 “BOM
50cm” (Table 16).
4.1.3.7 Above gravel bed

Reach D1 is the only reach with the “above gravel bed” feature, encompassing two nests
containing a total six piezometers for this feature. Five piezometers showed a median apparent
downwelling signature of >-0.01 to -0.01 for all sampling dates. Four of the apparent

downwelling piezometers had the same VHG of -0.01. The one apparent downwelling piezometer
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with the >-0.01 VHG was “AGB#2 35cm.” One piezometer exhibited a median apparent
upwelling signature of 0.01 for all sampling dates. This piezometer was “AGB#1 60cm” (Table
17).
4.1.3.8 Between gravel bed

Reach R2 is the only reach with the “between gravel bed” feature, encompassing four
nests containing a total 12 piezometers. Nine piezometers exhibited a median apparent
downwelling signature of >-0.01 to -0.03 for all sampling dates. The piezometer with the largest
median apparent downwelling was “GB#2 30cm.” Three piezometers exhibited a median
apparent upwelling signature of 0.04 to 0.07 for all sampling dates. The piezometer with the
largest median apparent upwelling was “GB#1 50cm” (Table 18).
4.1.3.9 Below gravel bed

Reach D1 is the only reach with the “below gravel bed” feature, encompassing two nests
and six piezometers were assigned to this feature. Three piezometers exhibited a median apparent
downwelling signature of -0.01 to -0.03 for all sampling dates. The piezometer with the largest
median apparent downwelling was “BGB#1 20cm.” Three piezometers exhibited a median
apparent upwelling signature of 0.01 to 0.06. The piezometer with the largest median apparent

upwelling was “BGB#1 40cm” (Table 19).
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4.2 Hydraulic conductivity

Over 100 slug tests were performed on piezometers and monitoring wells in five study
reaches within Reedy Creek. While slug tests were performed for every piezometer and well, the
t;7 data could not be obtained for every piezometer and well. Only the upland well at study reach
D1 could not be recorded. The well did not respond as expected during slug testing and a t;; could
not be reported. Table 25 displays the number of piezometers within each reach that recovered
too slowly to acquire #3; data. Overall, the reach with the largest number of responsive
piezometers was R2, with four piezometers out of 18 that could not be used to determine #37. The
largest number of piezometers that had tests too slow to obtain the #;; data were in the P1 reach,
with 13 unresponsive piezometers out of 21 total piezometers. The slug testing results showed a
vertical trend for K. The shallow sediments exhibited a higher K than the deeper sediments. The
piezometers’ K estimates fall within the range of fluvial deposits (silt, sand and gravel; Hiscock
and Bense, 2014).
42.1 R2

Overall the piezometers’ K ranges over two orders of magnitude. The piezometers that
had a #;7 exhibited a median K of 1.56 m/day. The riparian well of R2 exhibited a K of 1.34
m/day, while the upland well exhibited a K of 36.46 m/day (Table 20).
422 Al

Overall the piezometers’ K ranges over two orders of magnitude. K ranges from the order
of 10" m/day to 10" m/day. The median K for the piezometers is 7.65 m/day The A1 upland well
exhibited a K of 1.05 m/day. The Al riparian well exhibited a K of 9.07 m/day (Table 21).
423 C1

Piezometers located within C1 exhibited K that ranged from 7.65 to 11.49 m/day. The

upland well had a K of 72.75 m/day and the riparian well had a K 203.90 m/day (Table 22).
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424 D1

The piezometers show a median K of 10.54 m/day and the K ranges over two orders of
magnitude from 0.18 to 38.19 m/day. The riparian well exhibited a K of 0.02 m/day (Table 23).
425 P1

The piezometers’ K spans a range of three orders of magnitude from 0.26 m/day to
114.91 m/day. The median K for the piezometers was 1.56 m/day. The P1 upland well exhibited a
K of 6.14 m/day. The P1 riparian well exhibited a K of 1.90 m/day (Table 24). P1 exhibited the
largest K range of all the study reaches, showing diversity among grain sizes.
4.3 Radon

Overall, stream water exhibited the lowest radon-222 with a range of 12-37 pCi/L across
all five study reaches. Well water exhibited the highest radon-222 (excluding one piezometer
sample) with a range of 170-647 pCi/L. Piezometer water covered a larger range than either
stream water or well water, with a range of 29-707 pCi/L.
43.1 R2

The stream concentration of Rn-222 was 19 pCi/L. The upland well concentration was
647 pCi/L. The riparian well concentration was 288 pCi/L. Only one piezometer was sampled in
R2 due to lack of rapid recharge in other piezometers. The piezometer “GB#3 25cm” exhibited a
concentration of 272 pCi/L. Rn-222 sampling took place on 6/22/17 (Table 20).
432 Al

The stream concentration of Rn-222 was 12 pCi/L. The upland well concentration was
194 pCi/L. The riparian well concentration was 248 pCi/L. None of the available piezometers
were able to recharge rapidly enough to produce a radon sample. Rn-222 sampling took place on
6/22/17 (Table 21).
433 C1

The stream concentration of Rn-222 was 37 pCi/L. The upland concentration was 248

pCi/L. Two piezometers were used for radon sampling. Piezometer “AGB 25c¢m” had a
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concentration of 707 pCi/L. Piezometer “BGB 25cm” had a concentration of 126 pCi/L Rn-222
sampling took place on 6/8/17 (Table 22).
434 D1

The stream concentration of Rn-222 was 25 pCi/L. The upland concentration was 208
pCi/L. Two piezometers were sampled. Piezometer “BGB#2 25c¢cm™ had a concentration of 30
pCi/L. Piezometer “AGB#2 25cm” had a concentration of 118 pCi/L. Rn-222 sampling took
place on 6/1/17 (Table 23).
435 P1

The stream concentration of Rn-222 was 34 pCi/L. The upland concentration was 170
pCi/L. Two piezometers were sampled. Piezometer “ADJ#1 25cm” had a concentration of 38
pCi/L. Piezometer “ADJ#1 50cm” had a concentration of 29 pCi/L. Rn-222 sampling took place

on 5/18/17 (Table 24).
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Table 20. Reach R2 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed 3/30/17.
Rn-222 sampling took place 6/22/17. A positive dh/dz and g, means that the groundwater is
flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g, upland to
piezometers” refers to the direction of flow.

qx qx
Water dh/dx dh/dx Upland Riparia
Piezometer or Depth £ (5) K level (m upland riparian to n to Rn-222
well (cm) 3 m/d) | above sea well to well to piezome | piezome | (pCi/L)
level) pi 1 pi 1 ter ter
(m/day) (m/day)
R2GB#1
25 | 180 0.64 195.69 0.02 0.02 0.01 0.01
R2GB#2 25 75 153 195.69 0.02 0.02 0.04 0.03
R2GB#2 50 | 400 0.29 195.73 0.02 0.02 0.01 0.01
R2GB#3
25 | 1300 0.09 195.64 0.03 0.03 0.00 0.01 272
R2GB#3 50 13 881 195.65 0.03 0.03 0.23 0.66
R2GB#3 75 10| 1149 195.60 0.03 0.03 0.31 0.32
R2GB#4
25 | 310 | g37 195.73 0.02 0.05 0.01 0.02
R2GB#4 50 | 15| 7646 195.74 0.02 0.05 177 12.27
R2BDJ
25 72 1.59 195.94 0.01 0.01 0.02 0.01
R24DJ 25 41 2.80 195.69 0.02 0.01 0.05 0.03
R2 Riparian
Well 196.20
815 1.34 ) wa 647
R2 Upland
Well
30 196.66
36.46 0.01 039 n/a 288
Average of R2
piezometers
1037 0.24 133
Range of R2
plezometers 76.38 1.77 1227
Stream 19
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Table 21. Reach A1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed 3/30/17.
Rn-222 sampling took place 6/22/17. A positive dh/dz and g, means that the groundwater is
flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g, upland to
piezometers” refers to the direction of flow.

dh/dx dh/dx - ¢ Upland
Piezometer Depth tyy K Water level upland riparian 4 Rlparlan to Rn-222
(m above sea to piezometer . .
or well (cm) (s) (m/day) well to well to piezometer (pCi/L)
level) (m/day)
pi 1 pi ter (m/day)

Al BDJ#2

25 15 7.65 195.81 0.02 0.02 0.17 0.12
Al BDJ#2 50 |13 8.81 195.84 0.01 0.02 0.17 0.13
Al ADJ #2 8

25 14.34 195.81 0.01 0.01 0.13 0.13
Al TOM 5 660

0.17 195.64 0.03 0.14 0.02 0.00

ALTOM s0 | 121 0.95 195.66 0.03 0.14 0.13 0.02
AlllUpland 850
we 1.05 196.71 0.06 194
Al
Riparian 98
well 9.07 196.40 -0.06 n/a 248
Average of
Al
piezometers 6.00 0.12 0.08
Range of
Al
piezometers 14.17 1.82 0.13
Stream 12
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Table 22. Reach C1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed 3/23/17.
Rn-222 sampling took place 6/8/17. A positive dh/dz and g, means that the groundwater is
flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g, upland to
piezometers” refers to the direction of flow.

Water dh/dx dh/dx ¢, Upland q. Riparian
Piezometer Depth t;7 K level (m upland well riparian to to Rn-222
or well (cm) (s) m/day above sea to well to piezometers | piezometers | (pCi/L)
level) : 1 : ter (m/day) (m/day)
AGB
25 | 15 7.65 200.48 -0.013 -0.05 -0.10 -0.37 707
BGB 25 | 10 | 1149 200.00 -0.003 -0.06 -0.04 -0.66 126
Riparian
well
5 | 203.90 199.35 n/a
Upland
well 14
72.75 200.00 0.02 1.75 n/a 248
Average of
C1
piezometers
9.59 -0.07 -0.51
Range of
C1
piezometers 3.84 0.06 0.29
Stream 37
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Table 23. Reach D1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed 3/6/17.
Rn-222 sampling took place 6/1/17. A positive dh/dz and g, means that the groundwater is
flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g, upland to
piezometers” refers to the direction of flow.

lWalte(r dh/dx .dh/d.x ¢, Upland g, Riparian
Piezometer Depth ts7 K L;;fov;" upland well riparian to to Rn-222
or well (cm) (s) (m/day) sea to well to pi t pi ters | (pCi/L)
s iezometer iezometer
level) p p (m/day) (m/day)
Pool #1 2 3 38.19 | 19921 0.01 0.01 0.56 0.39
Pool #1 50 9 1270 | 199.20 0.01 0.01 0.19 0.13
BGE #1 75| 625 018 | 199.72 0 0 0.00 0.00
AGB #1 5| 4 280 | 199.84 0 -0.01 0.00 -0.02
Pool #2 2] 3l 370 | 20007 -0.01 0.02 -0.04 -0.06
Pool #2 50 3 38.19 | 200.10 -0.01 -0.02 -0.46 071
Pool #2 73 8 1434 | 200.07 -0.01 -0.02 -0.15 -0.25
Pool #3 25 7 1642 | 199.62 0.01 0 0.10 -0.01
Pool #3 50 4 2868 | 19971 0 0 0.07 -0.12
Pool #3 75 16 717 | 199.69 0 0 0.03 -0.02
BGE #2 25 12 959 | 200.10 -0.02 -0.03 -0.16 -0.25 30
AGB #2 25 10 1149 | 20042 -0.03 -0.04 -0.38 -0.49 118
AGB #2 50 12 9.59 | 200.09 -0.02 -0.03 -0.16 -0.24
AGB #2 75| 40 287 | 200.06 -0.01 £0.02 -0.04 -0.07
D1 Riparian
Well
2150 0.02 | 199.61 n/a
D1 Upland
Well
n/a
n/a 199.77 0.01 n/a n/a 208
Average of
D1
Piezometers
14.00 -0.03 -0.12
Range of D1
Piezometers 38.02 1.02 1.10
Stream 25
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Table 24. Reach P1 Hvorslev Calculations and Horizontal Specific Discharge. n/a represents
values in which the equation was not applicable for the cell. Slug tests were performed 3/16/17.
Rn-222 sampling took place 5/18/17. A positive dh/dz and g, means that the groundwater is
flowing toward the stream. Cell “dh/dx upland well to piezometer” and “g, upland to
piezometers” refers to the direction of flow.

Water
level ¢, Riparian
Piezometer Depth t37 K (m i/ .dh/ﬁ{x I Upland to to Rn-222
upland well riparian piezometers . .
or well (cm) (s) m/day above to well to (m/day) piezometers (pCi/L)
sea . tor . tor (m/day)
level) h h
TOM
25 V] 11491 | 200.68 -0.02 -0.01 -2.26 -1.24
ADJ#1
25 64 1.79 | 200.63 -0.02 -0.02 -0.04 -0.03 38
ADJ#1 50 86 1.33 | 200.57 -0.02 -0.01 -0.03 -0.02 29
BDJ#1
25 143 0.80 | 20047 -0.01 -0.01 -0.01 -0.01
BDJ#1 75 445 0.26 | 200.51 -0.02 -0.01 0.00 0.00
DJD#2
25 8 14.34 | 200.69 -0.02 -0.02 -0.30 -0.29
Riparian
well
535 1.90 | 200.34 n/a
Upland
well 178
6.14 | 199.73 -0.02 -0.11 170
Average of
P1
piezometers
22.20 -0.44 -0.27
Range of
P1
piezometers 114.91 2.26 1.24
Stream 34
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Table 25. Numbers of piezometers that responded too slowly for Hvorslev method and for which
137, K, and ¢y and ¢. are not reported.

Reach Total 25cm 50cm 75cm
Al 7 1 2 4

R2 4 0 1 3

P1 13 1 6 6

C1 9 2 4 3

D1 6 0 3 3

All 39 4 16 19
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4.4 Vertical component of specific discharge (¢,)

In terms of vertical specific discharge (g.), a positive value indicates vertical movement
in the up direction. A negative ¢.indicates vertical movement in the down direction. The data
found the ¢, averages were greatly skewed and did not accurately represent the
reaches/piezometers.

4.4.1 Specific discharge (¢q,) at the five study reaches for each individual reading date
4.4.1.1 Reach R2

There were 10 piezometers with high K, encompassing a total of 18 piezometers. The
reach-wide median upward ¢, ranged from <0.00 to -0.03 m/day. The day of the largest median
apparent downwelling was 11/8/16. There was no reach-wide median upward ¢. on any dates.
Dates that had zero flux were 8/11/16 and 8/30/16. The reach-wide maximum ¢, ranged from 0.00
to 3.58 m/day. The minimum reach-wide ¢. ranged from -0.47 to -2.80 m/day. R2 had a reach-
wide range of ¢, from 0.47 to 6.01 m/day (Figure 25,Table 26).
4.4.1.2 Reach Al

Five piezometers exhibited high K, encompassing a total of 18 piezometers. The reach-
wide median g.ranged from <0.00 to -0.31 m/day. The day of the largest reach-wide median
apparent downwelling was 11/8/16. There was no reach-wide median upward ¢. on any dates.
The reach-wide maximum ¢, ranged from 0.01 to 1.67 m/day. The reach-wide minimum g,
ranged from -0.15 to -2.19 m/day. A1 had a reach-wide range of ¢, from 0.38 to 2.18 m/day
(Figure 26, Table 27).
4.4.1.3 ReachCl

Two piezometers exhibited high K, encompassing a total of 11 piezometers. The reach-
wide median ¢, ranged from -0.02 to -0.37 m/day in the downward direction. The date with the
largest downward rate was 10/19/16. The reach-wide median upward ¢, was 0.02 to 0.04 m/day.

The date with the largest reach-wide median upward g. was 11/30/16. The reach-wide maximum
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g-ranged from 0.12 to 0.23 m/day. The reach-wide minimum g. ranged from -0.08 to-0.54 m/day.
C1 had a reach-wide ¢.range from 0.04 to 0.43 m/day, (Figure 27, Table 28).
4.4.14 Reach D1

14 piezometers exhibited high K, encompassing a total of 20 piezometers. The reach-
wide median ¢, ranged from <0.00 to -0.26 m/day in the downward direction. The date with the
largest median downward rate was 8/31/16. There was no reach-wide median ¢, in the upward
direction on any dates. The reach-wide maximum ¢. ranged from 0.00 to 2.67 m/day. The reach-
wide minimum ¢, ranged from -0.04 to -2.10 m/day. The reach-wide range for ¢, was 0.17 to 4.30
m/day, (Figure 28, Table 29).
4.4.1.5 ReachP1

Seven piezometers exhibited high K, encompassing a total of 20 piezometers. The reach-
wide median g.ranged from <0.00 to -0.43 m/day in the downward direction. The date with the
largest reach-wide median downward rate was on 1/5/17. There was one date that had a reach-
wide median g, upward rate. This date was on 2/3/17 with a g, of <0.01. The reach-wide
maximum ¢.was 0.01 to 6.76 m/day. The reach-wide minimum ¢, was -7.01 to -0.37 m/day. The
reach-wide ¢.range was 0.58 to 10.27 m/day, (Figure 29, Table 30).
4.4.2 Specific discharge (¢,) at the five study reaches for all reading dates
4.4.2.1 ReachR2

10 piezometers exhibited high K, encompassing a total of 18 piezometers. The median g.
in the downward direction was >-0.01 to -0.93 m/day. The piezometer with the largest median g,
in the downward direction was “GB#4 50cm.” There was only one piezometer with a median ¢, in
the upward direction. That piezometer is “ADJ 30cm” with a g, of 1.41 m/day (Table 31).
4.4.2.2 Reach Al

Five piezometers exhibited high K, encompassing a total of 18 piezometers. The median

¢-in the downward direction was >-0.01 to -0.66 m/day. The piezometer with the largest median
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q.1in the downward direction was “ADJ #2 30cm.” There were no piezometers with a median ¢ in
the upward direction (Table 32).
4.4.2.3 ReachCl

Two piezometers exhibited high K, encompassing a total of 11 piezometers. The median
¢-1in the downward direction was -0.12 to -0.31 m/day. The piezometer with the largest median ¢.
in the downward direction was “AGB 30cm.” There were no piezometers with a median ¢. in the
upward direction (Table 33).
4.4.24 Reach D1

14 piezometers exhibited high K, encompassing a total of 20 piezometers. The median ¢g.
in the downward direction was >-0.01 to -0.47 m/day. The piezometer with the largest median g,
in the downward direction was “Pool #2 50cm.” The median ¢. in the upward direction was 0.01
to 2.22 m/day. The piezometer with the largest median ¢. in the upward direction was “Pool#1
75cm” (Table 34).
4.4.2.5 ReachP1

Seven piezometers exhibited high K, encompassing a total of 20 piezometers. The median
q. in the downward direction was -0.01 to -1.40 m/day for six of the piezometers. The piezometer
with the largest median ¢. in the downward direction was “TOM 25cm.” Only one piezometer
had a median g, in the upward direction, which was “BR 75cm” with a ¢. of 1.28 m/day (Table

35).
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GB#1 25cm @ GB#2 50cm © GB#2 30cm ®GB#3 75cm ®GB#3 50cm
® GB#3 25cm @ GB#4 70cm ®GB#4 50cm @ GB#4 30cm ©BDJ] 30cm

® ADJ] 75cm ADJ 50cm ADJ 30cm

Figure 25. Reach R2 ¢, from 8/11/16 to 1/20/17.
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Figure 26. Reach A1 ¢.from 8/11/16 to 1/20/17.
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Figure 27. Reach C1 g, from 8/11/16 to 1/5/17.
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Figure 28. Reach D1 ¢, from 8/11/16 to 2/3/17.
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4.5 Horizontal hydraulic gradient

Ah is the difference in hydraulic head from well to piezometer nest. Groundwater flows
from high hydraulic head to low hydraulic head and therefore in the direction of -Ah. Ax is the
distance in the lateral direction between well and piezometer nest. dh/dx is the total rate of change
of total head along the direction of flow (Hiscock and Bense, 2014). When dh/dx is measured
from the riparian well to the stream, positive dh/dx indicates that water is moving toward the
stream (gaining). A negative value indicates water is moving away from the stream (losing).
4.5.1 Reach R2

Upland to the piezometers had an average dh/dx of 0.02. Riparian to the piezometers had
an average of 0.03. The horizontal component of flow is from upland to the stream (gaining).
4.5.2 Reach Al

Upland to the piezometers had an average dh/dx of 0.02. Riparian to the piezometers had
an average dh/dx of 0.07. The horizontal component of flow is moving from upland to the stream
(gaining).
4.5.3 Reach C1

Upland well to the piezometers had an average dh/dx of -0.01. Riparian well to the
piezometers had an average dh/dx of -0.06. The horizontal component of flow is moving from the
piezometers to the riparian and upland wells.
4.5.4 Reach D1

Upland well to the piezometers had an average dh/dx of -0.01. Riparian well to the
piezometers had an average dh/dx of -0.01. The horizontal component of flow is moving from the
stream to the riparian (losing).
4.5.5 ReachP1

The dh/dx for the upland well toward the riparian well was -0.02. Upland well to the
piezometers had an average dh/dx of -0.02. Riparian well to the piezometers had an average dh/dx

of -0.01. The horizontal component of flow is moving from the stream to the riparian (losing).
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4.6 Horizontal component of specific discharge
4.6.1 Reach R2

The upland well g, to the riparian well was 0.39 m/day. The upland well average g, to the
piezometers was 0.24 m/day. The riparian well average g, to the piezometers was 1.34 m/day
(Table 20).
4.6.2 Reach Al

The upland well g, to the riparian well was 0.06 m/day. The upland well average g, to the
piezometers was 0.08 m/day. The riparian well average g, to the piezometers was 0.12 m/day
(Table 21)
4.6.3 Reach C1

The upland well g to the riparian well was 1.75 m/day. The upland well average g to the
piezometers was -0.07 m/day. The riparian well average gy to the piezometers was -0.06 (Table
22).
4.6.4 Reach D1

Slug testing was not possible at D1 upland well, so there is no gy data for the upland well.
The riparian well average gy to the piezometer was -0.03 (Table 23).
4.6.5 Reach P1

The upland well g, to the riparian well was -0.11 m/day. The upland well average g« to
the piezometers was -0.44 m/day. The riparian well average g to the piezometers was -0.27
m/day (Table 24).
4.7 Student’s T-test for difference of mean VHG between geomorphic features and

reaches

4.7.1 Geomorphic features

The Student’s T-test was performed for all geomorphic features in the stream except
“Between Gravel Bed”. “Between Gravel Bed” was not used because it is between a

hypothesized apparent upwelling and apparent downwelling feature and was never given a
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directional flow hypothesis. In summary, there was not a clear difference of VHG between
hypothesized spots of apparent upwelling and apparent downwelling. For example, the
geomorphic feature “Above Debris Jam” was hypothesized of being a location of apparent
downwelling. The other geomorphic feature “Below Debris Jam” was hypothesized of being a
location of apparent upwelling. The Student’s T-test resulted in a p-value greater than 0.05
meaning there is not a statistically significant difference between these reaches even though they
are hypothesized as being complete opposite in flow direction. Some geomorphic features with
hypothesized apparent downwelling locations were found to be statistically significant like “Top
of Meander” and “Pool” but there is not enough clarity among of the VHG averages for the

geomorphic features to be significantly different.
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4.7.2 All reaches

Table 37. P-value of student’s T-test for difference of mean among all reaches.

Study

Reach R2
Al 0.68
D1 0.33
P1 0.15
C1 0.70
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4.8 Water chemistry

Not all chemical analyses yielded values for each analyte for all reaches. Some chemicals
were not detected for all reaches, for example nitrite.
4.8.1 Reach R2

Study reach R2’s piezometer, surface water and groundwater chemical analyses are in
Table 38 with average concentrations in Table 42. Piezometer water had an average alkalinity
concentration of 1.18 meq/L. Piezometer water had an average 5°H and 'O of -30.01%o and -
5.31%o respectively).

Stream water had an alkalinity concentration of 1.68 meq/L. Stream water had a §°H of -
29.19 %o and 8'*0 of -5.19 %,. Groundwater samples had an average alkalinity concentration of
1.10 meq/L. Groundwater 8°H and 6'®0 had an average for groundwater at -30.00 %o and -5.26 %o
respectively. Stream water had a 8°H of -29.19 %o and "0 of -5.19 %e.
4.8.2 Reach Al

Study reach A1’s piezometer, surface water and groundwater chemical analyses are in
Table 39 with average concentrations in Table 42. Piezometer water had an average alkalinity
concentration of 0.83 meq/L. Piezometer water had 6°H and 5'°0 an average of -28.34 %o and -
5.14 %o respectively (Table 39).

Stream water had an alkalinity concentration of 0.78 meq/L. Stream water had 5°H and
3'*0 concentrations of -32.06 %o and -6.54 %o. Groundwater samples had an average alkalinity
concentration of 0.51 meq/L. Groundwater samples had an average 8°H and 5'°0 of -28.94 %o and
-5.12 %o.
4.8.3 Reach D1

Study reach D1’s piezometer, surface water and groundwater chemical analyses are in
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Table 40 with average concentrations in Table 42. Piezometer water had an average
alkalinity concentration of 1.00 meq/L. 8°H and 5'*0 had average of -30.55 %o and -5.37 %o
respectively.

Stream water had an alkalinity concentration of 0.96 meqg/L. 8°H and §'*0 were -28.44 %o
and -6.05 %o respectively for stream water. Groundwater samples had an average alkalinity
concentration of 0.50 meqg/L. 8°H and §'*0 had an averaged value of -29.62%o and -5.37%o
respectively for groundwater samples.

4.8.4 Reach P1

Study reach P1’s piezometer, stream water and groundwater chemical analyses are in
Table 41 with average concentrations in Table 42. Piezometer water had an average alkalinity
concentration of 0.95 meq/L. Piezometer water had an average 5°H and 'O of -27.30 %o and -
4.85 %o respectively.

Stream water had an alkalinity concentration of 0.81 meq/L. Stream water had a 8°H and
3'%0 of -26.85 %o and -5.32 %o respectively. Groundwater samples had an average alkalinity
concentration of 0.61 meq/L. Groundwater samples had an average 8°H and 5'*0 of -26.06 %o and

-4.46 %o respectively.
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4.8.5 Hydrochemical facies (water types)

Piper diagrams are used to classify water samples into hydrochemical facies or water
types. The piper diagram consists of the dominant cation and anion from each piezometer sample.
The combination of dominant cation and anion creates a hydrochemical facies.
4.8.5.1 Reach Al

Both the surface water and upland well samples reflected a Mixed Cation - HCOs™ type
(Figure 41, Table 43). The riparian well sample was a Mixed Cation - SO4* type. The
piezometers show a mix of two hydrochemical facies, Mixed Cation - HCOj; type (three
piezometers) and Na'- HCOj5 type (four piezometers).
4.8.5.2 Reach R2

The surface water and both well samples show a hydrochemical facies of Mixed Cation —
HCOs5™ (Figure 42, Table 44). Mixed Cation - HCO;3 and Na'- HCO; were the dominant
hydrochemical facies in the piezometer samples (nine piezometers). One piezometer (GB4 75cm)
showed Mixed Cation — SO,4” type.
4.8.5.3 Reach D1

Both the surface water and riparian well samples had the hydrochemical facies Mixed
Cation — HCO5 type and the upland well had the Ca*" - HCO5 type (Figure 43, Table 45). The
dominant water type for the piezometers was Na'- HCO5', with 11 piezometers. Five piezometers
exhibited the Mixed Cation — HCO;™ water type. Only one piezometer showed Ca>" - HCOs™ water
type (AGB#1 60cm).
4.8.54 ReachP1

The surface water sample shows a hydrochemical facies of Mixed Cation — HCO;" type
and both well samples show Ca>" - HCO5 type (Figure 44, Table 46). The piezometers showed
hydrochemical facies of Mixed Cation — HCOj  (three piezometers), Ca*" - HCO; (13
piezometers) and Na'- HCOj5 type (one piezometer). The only piezometer with Na'- HCO3’

water type was “ADJ#2 50cm.”
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Table 43. Summary of hydrochemical facies for piezometer, well and stream samples in reach
Al.

Sample Sample Type Depth (cm) Hydrochemical facies
Stream Stream Mixed Cation - HCO;3”
Riparian Well Mixed Cation - SO~
Upland Well Mixed Cation - HCO5
ADJ#2 Piezometer 30 Na'- HCOy'

ADJ#2 Piezometer 50 Mixed Cation - HCO;3
ADJ#2 Piezometer 75 Na'- HCOy'

BDJ#2 Piezometer 30 Na'- HCOy'

BDJ#2 Piezometer 50 Mixed Cation - HCO;3”
BDJ#2 Piezometer 75 Na'- HCOy'

TOM Piezometer 30 Mixed Cation - HCO;3
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Table 44. Summary of hydrochemical facies for piezometer, well and stream samples in reach
R2.

Sample Sample Type Depth (cm) Hydrochemical facies
Stream Stream Mixed Cation — HCO5”
Riparian Well Mixed Cation — HCO5
Upland Well Mixed Cation — HCO5
GB#1 Piezometer 30 Na'- HCOy'

GB#1 Piezometer 50 Na'- HCOy'

GB#1 Piezometer 75 Na'- HCOy'

GB#2 Piezometer 50 Mixed Cation — HCO5”
GB#2 Piezometer 75 Mixed Cation — HCO5”
GB#3 Piezometer 30 Mixed Cation — HCO5”
GB#3 Piezometer 50 Mixed Cation — HCO5”
GB#3 Piezometer 75 Mixed Cation — HCO5”
GB#4 Piezometer 30 Mixed Cation — HCO5”
GB#4 Piezometer 50 Mixed Cation — HCO5”
GB#4 Piezometer 75 Mixed Cation — SO42'
ADJ Piezometer 30 Mixed Cation — HCO5”
ADJ Piezometer 50 Mixed Cation — HCO5”
BDJ Piezometer 50 Na'- HCOy'

99



Table 45. Summary of hydrochemical facies for piezometer, well and stream samples in reach
DI.

Sample Sample Type Depth (cm) Hydrochemical facies
Stream Stream Mixed Cation — HCO5”
Riparian Well Mixed Cation — HCO5
Upland Well Ca®'- HCOy

AGB#1 Piezometer 30 Na'- HCOy

AGB#1 Piezometer 45 Na'- HCOy

AGB#1 Piezometer 60 Ca®'- HCOy

AGB#2 Piezometer 20 Mixed Cation — HCO5”
AGB#2 Piezometer 35 Na'- HCOy

AGB#2 Piezometer 50 Na'- HCOy

BGB#1 Piezometer 20 Mixed Cation — HCO5”
BGB#1 Piezometer 30 Mixed Cation — HCO5”
BGB#1 Piezometer 40 Na'- HCOy

Pool#1 Piezometer 30 Na'- HCOy

Pool#1 Piezometer 50 Na'- HCOy

Pool#1 Piezometer 75 Mixed Cation — HCO5”
Pool#2 Piezometer 30 Na'- HCOy

Pool#2 Piezometer 50 Na'- HCOy

Pool#2 Piezometer 75 Mixed Cation — HCO5”
Pool#3 Piezometer 30 Mg*" - HCO5

Pool#3 Piezometer 50 Na'- HCOy

Pool#3 Piezometer 75 Na'- HCOy
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Table 46. Summary of hydrochemical facies for piezometer, well and stream samples in reach P1.

Sample Sample Type Depth (cm) Hydrochemical facies
Stream Stream Mixed Cation — HCO5”
Riparian Well Ca®'- HCOy

Upland Well Ca®'- HCOy

BOM Piezometer 25 Mixed Cation — HCO5”
BOM Piezometer 50 Ca®'- HCOy

BOM Piezometer 75 Ca?*- HCO;5

BR Piezometer 25 Ca”*- HCO;5

BR Piezometer 50 Ca?*- HCO;5

BR Piezometer 75 Mixed Cation — HCO5”
BDJ#1 Piezometer 25 Mixed Cation — HCO5”
BDJ#1 Piezometer 50 Ca®'- HCOy

BDJ#1 Piezometer 75 Ca*" - HCOy

BDJ#2 Piezometer 25 Ca’' - HCOy

ADJ#1 Piezometer 25 Ca’' - HCOy

ADJ#1 Piezometer 50 Ca®'- HCOy

ADJ#1 Piezometer 75 Ca*" - HCOy

ADJ#2 Piezometer 50 Na'- HCOy

TOM Piezometer 25 Ca’' - HCOy

TOM Piezometer 50 Ca®'- HCOy

TOM Piezometer 75 Ca?*- HCO;5
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4.8.6 Water isotopes

At study reach R2 had a piezometer average of -29.95 %o 8°H and -5.36 %o 6'°0. The
piezometer 8°H ranged from -27.31%o to -41.88 %o and &'*0 ranged from -4.59 %o to -6.51 %o.
The stream, upland and riparian well samples had -29.19 %o, -28.64 %o and -31.37 %o respectively.
§'%0 for the stream, upland and riparian well samples were -5.19 %o, -5.33 %o and -5.20 %o
respectively (Figure 30).

At study reach A1 had a piezometer average of -28.27 %o 6°H and -5.17 %o &'*0. The
piezometer 8°H ranged from -26.48 %o to -29.48 %o and §'*0 ranged from -4.60 %o to -5.51 %o
3'%0. The stream, upland and riparian well samples had -32.06 %o, -31.75 %o, and -26.13 %o
respectively. The 8'*0O for the stream, upland and riparian were -6.54 %o, -5.32 %o and -4.92 %o
respectively (Figure 31).

At study reach D1 had a piezometer average of -30.51 %o 8°H and -5.31 %o 8'0. The
piezometer 8°H ranged from -27.93 %o to -33.86 %o and §'*0 ranged from -4.46 %o to -6.28 %o.
The &°H for the stream, upland and riparian were -28.44 %o, -30.34 %o, and -28.69 %o respectively.
The 80 for the stream, upland and riparian were -6.05 %o, -5.60 %o, and -5.15 %o (Figure 32).

At study reach P1 had a piezometer average 8°H of -27.47 %o and an average 'O of -
4.83 %o. The piezometer 8°H ranged from -23.70 %o to -32.12 %o and §'*0 ranged from -3.89 %o to
-6.19 %o. The stream, upland and riparian 8°H were -26.85 %o, -27.47 %o and -24.78 %o
respectively. The 8'*0 for stream, upland and riparian were -5.32 %o, -4.62 %o, and -4.38 %o

respectively (Figure 33).
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Figure 30. Reach R2 stable isotopes plotted with §'*0 on the x-axis and 8°H on the y-axis.

Piezometer samples are in blue, groundwater samples in orange, and surface water in red. Note

that groundwater and surface water are not isotopically distinctive.
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Figure 31. Reach A1l stable isotopes plotted with 3'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note that
groundwater and surface water are not isotopically distinctive.
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Figure 32. Reach D1 stable isotopes plotted with 3'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note that
groundwater and surface water are not isotopically distinctive.
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Figure 33. Reach P1 stable isotopes plotted with §'*0 on the x-axis and 8°H on the y-axis.
Piezometer samples are in blue, groundwater samples orange, and surface water in red. Note that
groundwater and surface water are not isotopically distinctive.
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Figure 34. Stable isotopes (all reaches) plotted with 'O on the x-axis and 8°H on the y-axis.
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5 Discussion
5.1 VHG by reach

The five reaches showed variation in the extent and direction of VHG. All five reaches
had a majority of piezometers showing apparent downwelling. R2 had the most apparent
downwelling piezometers with 14 out of 18. C1 had the fewest apparent downwelling
piezometers with six out of 10. Reach R2 had the lowest range of median hyporheic flux (-0.03 to
0.00) while C1 had the largest (-0.37 to 0.04). Two study reaches, C1 and P1, were the only
reaches that had a date of median reach-wide apparent upwelling VHG.

VHGs fluctuated with time for all piezometers. There were some dates that resulted in
changes in a piezometer’s vertical flow. Some piezometers had apparent downwelling change to
apparent upwelling and vice versa on some dates. A possible implication for change of direction
could be influenced by previous rain events. On the falling limb of the hydrograph there is
apparent upwelling at certain piezometers for some dates, for example 9/28/16 and 1/5/17. The
stream water level falls at a faster pace than the water level in the subsurface, after a rain event.
As stated before, groundwater flows from high hydraulic head to hydraulic low head. At the point
of the falling limb on the hydrograph, the stream water level is lower than the water table. This
results in upward-directed VHG. This was seen on 9/28/16 for some piezometers at study reaches
P1, Al and D1.

Five study reaches were compared against one another using Student’s t-test (Table 37).
From this analysis, it is evident that the mean of A1 is statistically different from D1, D1
statistically different from A1l and P1 and P1 statistically different from C1 and Al. R2 was found
to not be statistically different from any of the reaches. However overall, no reach was
consistently distinctive from all others.

5.2 VHG by geomorphic feature
Each geomorphic feature category had a hypothesized vertical hydraulic gradient

direction (green shaded cells represent apparent upwelling; red shaded cells represent apparent
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downwelling). Some of the categories are consistent with the stated hypotheses. For example,
“ABOVE GRAVEL BED” and “BELOW GRAVEL BED” have a p-value of < 0.05 meaning that
the mean VHGs are statistically different. It was hypothesized that apparent downwelling would
take place at the above gravel bed while apparent upwelling would be shown at the below gravel
bar feature (Table 36). However, multiple feature categories are inconsistent with this hypothesis.
For example, “TOP OF MEANDER” vs. “BOTTOM OF MEANDER” had a p-value of > 0.05 so
their means are not statistically different. It was hypothesized that these geomorphic features
would exhibit opposite vertical flux movements but overall the student’s t-test is inconsistent with
the hypothesized relationships.
5.3 VHGs in relation to K

Darcy’s law dictates the direction and velocity of groundwater flow. Darcy’s law is
hydraulic conductivity multiplied by the hydraulic gradient and cross-sectional area. To have
significant flow, it must have both high K and high VHG. Piezometers that show high VHG but
low K could be an indication of perched water that is not flowing vertically (that is, surface and
subsurface waters are not well connected). Other piezometers that exhibit low VHG but high K
could mean rapid horizontal movement but little vertical movement (that is, underflow but not
rapid vertical exchange with the channel). Hyporheic exchange is more heavily reliant on vertical
movement than horizontal. High VHG and high K are the strongest indicators of hyporheic
exchange. Figure 35 depicts all piezometers with high XK rates in comparison with their respective
VHGs. The piezometers that fall left of the yellow line and between the red lines are inferred to
not have hyporheic hot spot potential due to having both low VHG and K. A hotspot of hyporheic
exchange favors a combination of high VHG and a high K, indicating active flow toward or from
the stream. The piezometers with a VHG of <-0.02 and a K >0.10 m/day are hot spots for
apparent downwelling hyporheic flow. There are 15 piezometers with that combination of VHG

and K, and 10 are the shallowest piezometer in the nest. Five of the 15 piezometers were deeper
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than the shallow piezometer in the nest but were overlain by piezometers with low K. This shows
a lack of connection to the stream despite having high K and high VHG.

From the available slug test information, the majority of piezometer nests only had one
piezometer with a high K. Only two nests had all three piezometers that had high K values. These
nests were D1 Pool #3 (30cm, 50cm and 75¢cm) and D1 Pool#2 (30cm, 50cm and 75cm). Nests
D1 Pool#2 and Pool#3 were in close proximity to one another. With these nests having high K
values, there is a connection at all depths where hyporheic exchange can take place.

The other nests that had the shallow and intermediate piezometers hydrologically
connected (measureable K values) were nest A1 BDJ#2 (30cm and 50cm), D1 Pool #1 (30cm and
50cm), and P1 ADJ#1 (25cm, 50cm). These piezometers show the layer of sand and gravel in the
shallowest layer in the subsurface and show connection with the stream. These piezometers with
high K indicate that the hyporheic zone is shallow within these nests. Hyporheic exchange can
happen in the shallower sediments but not deeper due to impermeable sediment.

Piezometer nests that had two or more piezometers with high K but are not connected
hydrologically were P1 BDJ#1 (25c¢m and 75cm), P1 BDJ#2 (25cm and 75c¢m), D1 Pool#1 (30cm
and 75cm). These piezometers show that a clay lens or impermeable media is in the intermediate
piezometer that blocks direct vertical hyporheic exchange at that location. At these nest locations,
there is little or no vertical exchange between the shallow and deep piezometers.

The rest of the piezometer nests either had only one piezometer with a high K or none,
implying that these nests are have limited hyporheic exchange potential based on their hydraulic
conductivity. The majority of piezometer nests in Reedy Creek exhibit limited hyporheic

exchange potential.
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Figure 35. Hydraulic conductivity (K) vs VHG for all piezometers with having quantified slug
test results. Points between the red lines and to the left of yellow line are inferred to not be hot
spots for hyporheic exchange. Between red lines = -0.02> VHG <0.02. Left of yellow line =
<0.1m/day. The two black lines signify two different piezometers that were too large or negative
to fit on the graph. The top arrow is “P1 ADJ#1 25cm”, the bottom arrow is “P1 ADJ#1 50cm."
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5.4 Horizontal hydraulic gradient

Topography has a large influence on groundwater flow so it was expected to see all five
reaches flow toward the stream (Daniel and Dahlen 2002). Unexpectedly, the horizontal flow
direction is not solely dictated by topography. Reaches R2 and A1 show groundwater flow
directions matching topography, flowing from the riparian wells toward the stream (Table 20,
Table 21). Reach R2 had an average dh/dx of 0.03 for the riparian well to the piezometer. Reach
A1 had an average dh/dx of 0.06 for the riparian well to the piezometers. Reaches C1, D1 and P1
show different apparent flowpaths in the horizontal direction, having the bulk of piezometers flow
from the stream toward the wells (Table 22, Table 23, Table 24). Based upon calculated dh/dx,
the horizontal hydraulic gradient is negative for most of the piezometers in reaches C1, D1 and
P1, indicating horizontal flow from the stream. This was an unexpected result but is consistent
with the downward vertical VHGs in these study reaches. Another reason could be that the stream
is perched on the subsurface flow system due to the low permeability of the clay rich saprolite.

Reach C1 had an average dh/dx of -0.06 for the riparian well to the piezometers. Reach
P1 had an average dh/dx of -0.01 from the riparian to the piezometers. Reach D1 had an average
dh/dx of -0.01 from the riparian to the piezometers. The riparian well at reach P1 had a negative
horizontal hydraulic gradient for all piezometers implying flow from the stream to the well.
Groundwater moves from high hydraulic head to low hydraulic head. This would signify that the
water level is lower at the riparian well than the stream. Reaches C1 and D1’s groundwater
movement however, does not mirror topography. At both reaches, the riparian well exhibits
negative horizontal hydraulic gradients toward the piezometers, implying flow from the stream
toward the well. Understanding that groundwater is controlled by changes in the hydraulic
gradient and that groundwater does not necessarily flow with topography is important for
determining the contribution groundwater makes to surface waters in the Piedmont of North

Carolina.
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Reaches C1, D1 and P1were inconsistent with the expectation that horizontal flow would
be toward the stream. Since the horizontal hydraulic gradient was negative for the riparian well to
the piezometer this implies a horizontal flow away from the stream. Potential reasons for C1, D1
and P1 not being net gaining is that the hydraulic head measurements were taken the days of
being surveyed. If the time of measuring did not have typical season precipitation this would
affect groundwater levels and reverse horizontal flow. Other possible implications could be these
streams are perched on top of the groundwater system due to low K sediments. The P, C and D
streams pass over impermeable bedrock features just before reaching the lowland area found at
the three reaches. It is possible these study reaches are spots where water flows into the
subsurface being prevented by bedrock upstream. The longitudinal diagrams show a mostly
horizontal subsurface flow that is parallel to the stream. Due to low K sediments, horizontal flow
seems to dominate the flow in these study reaches instead of vertical flow (Figure 36, Figure 37,
Figure 38, Figure 39, Figure 40).

5.5 Vertical and horizontal specific discharge

Vertical and horizontal specific discharge calculations were made from equations derived
from Darcy’s Law (equation 5, equation 6) to determine the rate of groundwater flow in both
directions. By observing both vertical and horizontal specific components of discharge, the
dominant flow could be assessed. For three of the five reaches the horizontal component of flow
dominated, g, > ¢.. The g, were from the wells to the piezometers and the ¢, were from each
piezometer. A1, D1 and R2 have a larger horizontal specific discharge than vertical (Table 20,
Table 21, Table 23). C1 and P1 are dominated by the vertical component of flow, g.> ¢, (Table
22, Table 24). Both P1 monitoring wells are in relatively flat land, which yielded a lower
hydraulic gradient and a lower horizontal specific discharge. C1 also is at a plateau but there is
more room for error in C1. C1 only had two piezometers suitable for slug testing leaving a small
amount of data for K and ¢,. Reaches A1, D1 and R2 have their monitoring wells at the foothills

and in the upland which yielded a larger dh which results in a larger dh/dx. From upland to
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piezometer horizontal flow. Specific discharge also indicated that at all reaches the g, is higher
from the riparian well than the upland well toward the stream. This is a result of the average
hydraulic gradient from the riparian well to the piezometers being greater than the average
hydraulic gradient from the upland well to the piezometers. Due to the large amount of stream
incision, the stream is lowered and creates a greater hydraulic gradient from the riparian well to
the stream.

5.6 Longitudinal subsurface diagrams

Longitudinal subsurface diagrams were created to relate the sub-streambed hydraulic
heads in relation to stream morphology and to relate the piezometer nests to each other. The
longitudinal diagrams show distance down each transect (x-axis) at each study reach in relation to
the transect of monitoring wells intersecting the channel. The elevation (y-axis) is in meters
above mean sea level. It was hypothesized that there would be strong areas of apparent upwelling
and apparent downwelling due to the different geomorphic features in the stream. Among
piezometers, there are different hydraulic head measurements among the nests themselves. Along
the stream however, there is a broader picture with more underflow than hot spots of vertical flow
which may occur due to the streambed’s particle size. Most of the reaches have a shallow layer of
sand and gravel but have a thick underlying layer of impermeable sediment. The sediment’s small
particle size (low permeability and low K) reduces the g of flow in both vertical and horizontal
directions. This is true looking at the longitudinal diagrams where the flow is dominated
horizontally and not vertically (Figure 36, Figure 37, Figure 38, Figure 39, Figure 40).

The study reach A1’s longitudinal diagram shows that the hydraulic head in the deep
piezometer is higher than the intermediate and shallow piezometers. When comparing these
piezometers there is an upward vertical VHG trend. This is interesting since most flows are
showing a downward VHG when comparing the piezometer water to the stream. Study reach Al
has the clearest indication of groundwater discharge to the stream. It has the largest hydraulic

gradient from riparian well to stream and has the most consistent flow lines on the longitudinal
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diagram This may be showing that upward flow would be happening but it is expected that due to
the low permeability of the clay rich saprolite vertical flow may not be active (Figure 37).

Among the reaches the dominant lateral flow was parallel to the stream (underflow). Both
upward and downward vertical flow was found within the reaches, however some reach exhibited
greater VHGs than other reaches. Reach C1°s longitudinal diagram shows only horizontal flow

and little to zero vertical flow (Figure 40).
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5.7 Water chemistry

The objective of the chemical and isotopic analyses was to differentiate the stream
samples from the groundwater samples. If there was a strong distinction between the stream and
groundwater samples, the piezometer samples could be compared to quantify groundwater
surface water mixing.
5.7.1 Intra-reach variability of water chemistry
5.7.1.1 R2

Only a few analyses for reach R2 show a significant difference between groundwater and
stream water on 1/20/17. Nitrate concentrations were the same for stream, wells and piezometers
(0.002 meq/L). Magnesium concentrations were highest in the well samples (0.51 meq/L)
compared to both stream (0.32 meq/L) and piezometer (0.22 meq/L). Alkalinity concentrations
are highest in the stream (1.68 meq/L) in comparison to the wells (1.10 meq/L) and piezometers
(1.18 meg/L). Both well and stream water were assigned to the water type mixed cation - HCOs'.
Out of 14 piezometers, 13 piezometers showed the water type mixed cation - HCO; . Study reach
R2 shows no chemical distinction among the water types for the well and stream water (Figure
42).
57.1.2 Al

Only a few analyses for study reach A1 show a significant difference between
groundwater and stream water on 1/20/17. Nitrate concentrations were the highest in the stream
(0.014 meq/L). The wells had the lowest average nitrate concentration (0.003 meq/L). The
piezometers’ nitrate concentrations were between the wells and stream (0.007 meq/L). Fluoride
was detected in the piezometer samples but not in the wells or stream sample. Groundwater and
surface water’s magnesium and calcium concentrations were approximately double the amount in
the stream than both the piezometers and well samples.

The upland well and surface water were mixed cation - HCO;™ water type. The riparian

well exhibited a Mixed Cation - SO,> water type. Three of the seven piezometers had the water
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type Mixed Cation - HCO5". Zero piezometers had the water type mixed cation - SO,>. Since both
the upland well and surface water have the same water type it is not clear if the piezometer had
groundwater or surface water (Figure 41).
5713 D1

Only a few analyses for study reach D1 show a significant difference between
groundwater and stream water on 2/3/17. The major differences in chemical analyses were in
nitrate, magnesium, calcium and alkalinity. Nitrate concentrations were highest in the stream
(0.006 meq/L). The piezometers had the second highest nitrate concentrations (0.005 meq/L)
followed by the wells (0.001 meq/L). The stream had the highest magnesium concentration of
0.45 meq/L. The wells were 0.24 meq/L and piezometers were 0.17 meq/L. The highest calcium
concentration was the stream (0.74 meq/L) followed by the wells (0.46 meq/L) and then
piezometers (0.33 meq/L). The piezometers had the highest alkalinity concentration (1.05 meq/L)
followed by the stream (0.96 meq/L) and then the wells (0.50 meq/L). The riparian well and
surface water samples at D1 had the water type mixed cation + HCO5'". The upland well had the
Ca®" - HCO; water type. Five piezometers out of eighteen had the water type Mixed Cation -
HCO5". One piezometer had the water type Ca®" - HCO5". Both the riparian well and surface water
share the same water type making the piezometers with the same indistinguishable (Figure 43).
5714 P1

Only a few analyses for study reach P1 show a significant difference between
groundwater and stream water on 2/3/17. For reach P1 the major differences in chemical analyses
were in sulfate and alkalinity. The highest concentration of sulfate was the well samples (0.20
meq/L) followed by the piezometer samples (0.09 meq/L) and then the surface water sample
(0.07 meg/L). The highest alkalinity concentration was the piezometer samples (0.99 meq/L)
followed by the stream (0.81 meq/L) and then the wells (0.61 meq/L). Both well samples have a
water type of the Ca>" - HCO5 at reach P1. The stream sample had a water type of mixed cation -

HCO;" Thirteen piezometers had the water type Ca® - HCO;™ and three had the water type Mixed
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Cation - HCO5'". With the stream and groundwater having distinct water types it can be seen that
thirteen piezometers have a high chance of being predominantly groundwater and three being
predominantly surface water (Figure 44). Groundwater and surface water mixing could not be
distinguished in study reach P1 due to the similarities in both samples.

For all study reaches, the groundwater and surface water were chemically similar. The
chemical analyses performed on them could not find a large enough difference between the
groundwater and surface water. Groundwater surface water mixing could not be quantified in the
study reaches.

5.7.2 Inter-reach variability

Among the reaches sampled, the chemical analyses were similar. Reach R2 shows the
largest variation among the five study reaches. Only reach R2 had a large concentration of
phosphate found in the wells and piezometers. R2 also had the largest average concentration of
potassium in the wells and piezometers. Sodium was a magnitude lower in concentration in reach
R2 than the rest of the reaches. Study Reach R2 is a mixture of the upstream watersheds and is
the confluence of D, P and C study reaches.

Nitrate concentrations were found in all study reaches. Study reach A1 had the greatest
nitrate concentrations for stream, well, and piezometer samples. It was expected that study reach
A1 to have the greatest nitrate due to the legacy sediments from historic agricultural use. Study
reach D1 had the second highest nitrate concentration for the stream and piezometer samples.
Study reach D1 is part of the “development” sub-watershed and is understandable why it had
higher nitrate than P1 and C1. The “development” sub-watershed is expected to have high
nutrient runoff from urban uses like application of fertilizer.

Alkalinity concentrations exhibited one of the largest variation among the reaches. R2
had the highest alkalinity concentrations among piezometers (1.18 meq/L). A1 had the lowest
alkalinity concentration with 0.83 meq/L. Among steam samples R2 had the highest alkalinity

concentration (1.68 meq/L) while A1 had the lowest (0.78 meq/L). Groundwater samples showed
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R2 having the highest alkalinity concentration (1.10 meq/L) and D1 the lowest with (0.50
meq/L).

The four Piper diagrams showed differences among the study reaches. Chemical data
showed that R2 well and stream water were dominated by the mixed cation + HCO5’
hydrochemical facies. Piezometer water was dominated by mixed cation + HCO; (ten
piezometers) then Na" - HCO; (four piezometers) and then mixed cation - SO4*(one piezometer).
Cation exchange is happening within study reach R2. The dominant hydrochemical facies is
mixed cation - HCO;™ and some piezometers have Na' - HCO; hydrochemical facies. This shows
potential cation exchange from Na” dominated to a more mixed cation solution. One piezometer
exhibited the hydrochemical facies mixed cation - SO,**, which has potential for sulfide oxidation
to take place.

Study reach A1’s riparian well sample had mixed cation — SO,4* hydrochemical facies and
the upland and surface water sample had mixed cation — HCOs". This can be seen as a water-rock
interaction with oxidation of iron sulfides. A1 had the fewest water samples with four
piezometers showing Na" - HCO5™ and three piezometers with mixed cation — HCOs™. Reach A1l
shows potential for cation exchange with a high amount of Na* - HCO5™ water type.

Study reach D1’s riparian well sample and surface water sample showed mixed cation -
HCO; while the upland well sample showed Ca**-HCOj". Unlike the groundwater or surface
water samples the dominant hydrochemical facies among the piezometers was Na' - HCO5 (11
piezometers). With Na’ - HCOs™ being the dominant water type, D1 had high potential for cation
exchange. Five piezometer mixed cation — HCO5™ and one showed Mg®* - HCO;'.

Study reach P1 showed the dominant hydrochemical facies as Ca*" - HCO5". Both well
samples and 13 piezometer samples were Ca>" - HCO5". Four piezometer samples and the surface
water sample showed mixed cation — HCO;™ and one showed Na — HCO;". With Ca*" - HCO5
being the dominant water type, reach P1 shows large potential for calcium dissolution in

subsurface.
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In summary, across all sampled reaches, the water type mixed cation - HCO3" is dominant
for surface water and groundwater. The mixed cation - HCO; water type is also the dominant
water type with 24 total piezometers. The water type with the second most piezometers is Na' -
HCOj with 20 total piezometers. The only reach with had distinguishable water types for
groundwater and surface water was reach P1. The stream had the mixed cation + HCO; water

type and groundwater had Ca®* - HCO;".
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Figure 41. Piper diagram showing the major cations and anions of reach A1 samples.
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R2 Piper Diagram
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Figure 42. Piper diagram showing the major cations and anions of reach R2 samples.
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DI Piper Diagram
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Figure 43. Piper diagram showing the major cations and anions of reach D1 samples.
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P1 Piper Diagram
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Figure 44. Piper diagram showing the major cations and anions of reach P1 samples.
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5.8 Isotopes
5.8.1 Intra-reach variability

At study reach R2 had the majority of piezometer samples fell to the left the global
meteoric water line. Both well samples and stream sample also fell to the left of the global
meteoric water line. The well and stream water samples are not distinctive enough. With both
groundwater and surface water signatures similar, groundwater and surface water mixing within
the piezometers could not be determined using a single sampling event of water isotopes (Figure
30).

At study reach A1 the majority of the piezometer samples fell to the left of the global
meteoric water line. The stream and well samples fell to the left of the global meteoric water line.
The well and stream water samples are not distinctive enough. With both groundwater and
surface water signatures similar, groundwater and surface water mixing within the piezometers
could not be determined using a single sampling event of water isotopes (Figure 31).

At study reach D1 had the majority of the piezometer samples fell to the left of the global
meteoric water line. Both well samples and stream sample fell to the left of the global meteoric
water line. The well and stream water samples are not distinctive enough. With both groundwater
and surface water signatures similar, groundwater and surface water mixing within the
piezometers could not be determined using a single sampling event of water isotopes (Figure 32).

At study reach P1 had the majority of piezometer samples near and to the right of the
global meteoric water line. This indicates an evaporation trend within the reach. Groundwater
samples fell on the global meteoric water line. The stream sample was to the left of the global
meteoric water line. Groundwater and surface water mixing within the piezometers could not be
determined using a single sampling event of water isotopes (Figure 33).

5.8.2 Inter-reach variability
Study reaches P1 and D1 were sampled the same day; D1 shows results along the global

meteoric water line while P1 shows an evaporation trend. Reaches A1 and R2 were sampled the
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same day and both results align with the Global Meteoric Water Line. Among the study reaches,
one reach exhibited an evaporation trend (P1). There are multiple possible implications for an
evaporation trend in P1. Study reach P1 is within the “Pond Influence” sub-watershed and is a
reach that is drained from a pond further upstream. Due to the lack of canopy cover and slow
movement of a pond, the water would be under direct sunlight for a considerable amount of time.
This longer residence time may affect its seasonal storage contributing to this evaporation trend.
Within the reach itself, P1 also had the lowest amount of canopy cover in relation to the other
study reaches. Lower canopy would allow more direct sunlight and increase evaporation.

Among all sampled reaches the groundwater and stream water samples were not
isotopically distinct enough to determine groundwater and surface water mixing from one
sampling date.

6 Conclusions

The objective of this study was to observe and evaluate the amount of hyporheic
exchange at different geomorphic features within Reedy Creek in its “Pre-Restoration Phase.”
Over 85 piezometers were installed at five different reaches. The extent of hyporheic flux varied
from piezometer to piezometer. VHGs did not occur at specific geomorphic features as
hypothesized. For example, “Bottom of Meander” was hypothesized to be a hot spot for apparent
upwelling. “Bottom of Meander” did experience apparent upwelling but had a stronger apparent
downwelling VHG.

All the study reaches within the study area exhibited apparent downwelling as the
dominant apparent vertical flow direction within the piezometers. This was unexpected due to the
hypothesis of all the study reaches having flow toward the stream and having net apparent
upwelling. The VHGs and horizontal hydraulic gradient lead to a few possibilities. There simply
could be many locations of apparent downwelling within all the study reaches. The surface water

is perched over the subsurface water heads due to the low permeability of the bed sediments. The
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last possibility, the water is equilibrated with a point further downstream. If the sites do have
many locations of apparent downwelling this would be beneficial for denitrification.

The hyporheic potential for Reedy Creek is contingent on the permeability of its
sediments. Slug testing data showed that half of the piezometers installed were in impermeable
sediment. Of those piezometers that were in impermeable sediment the majority of them were in
the deeper sediments. The majority of hyporheic potential is within the shallow sediments within
the stream beds. Of all the piezometer nests within Reedy Creek there are only two that have all
three piezometers connected. This impermeable sediment restricts hyporheic potential in all five
of the study reaches. Other studies within the Piedmont have found vertical trends similar to
Reedy Creek. Permeability was greatest in the shallow sediments but decreased with increased
depth (Smock et al., 1992; Ryan and Boufadel, 2007). Just like in Reedy Creek it was found that
some sediments >30-40cm deep were found to be impermeable and restricted hyporheic flow
(Smock et al., 1992).

The five reaches” VHGs did not vary as much as the geomorphic features. The reaches
with the largest apparent downwelling was P1 (-0.01 to -0.06). The smallest amount of apparent
downwelling was both R2 (-0.01 to -0.02) and D1 (-0.01 to -0.02). Only two of the reaches had
reach-wide median apparent upwelling VHGs. Reach C1 had the largest reach-wide median
apparent upwelling (0.01 to 0.08) and P1 had the lowest (<0.01). Vertical specific discharge rates
from other papers found the vertical flux to be ~0.30m/day (Daniluk et al., 2013; Zimmer and
Lautz, 2015; Battin et al., 2003). The vertical specific discharges within Reedy Creek were
similar to 30m/day.

Some restoration practices that may increase the study area’s hyporheic function are to
coarsen the stream bed sediments and to add geomorphic features. The study area has very low
permeability in >30cm sediments. Adding coarser sediments increases permeability and promotes
hyporheic flux. Geomorphic features placed in the stream can create beneficial head gradients and

induce hyporheic flux.
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