Evaluation of geospatial
datasets and recognition of
landscape gradients
specific to water quality

Prepared by Clint Rissmann, Tapuwa
Marapara, Simon Bloomberg, Jessie
Lindsay, and Lisa Pearson

Scientiﬁc for Northland Regional Council, December 2017

omersy (G

LNIVERSITY OF
CANTERBURY
T Wisior Hiadaga o Wisbika

\Water ways

Centre for Freshwater Management

61 Leeft street, Invercargill 9810
www.e3scientific.co.nz



Page |i

Evaluation of geospatial datasets and recognition of landscape
gradients specific to water quality

Prepared by Clint Rissmann, Tapuwa Marapara, Simon Bloomberg, Jessie Lindsay, and Lisa

Pearson for Northland Regional Council, December 2017

Purpose of

Version Prepared By Reviewer Review Date
Document
A Draft for Clint Rissmann, Tapuwa Lisa Pearson 25/07/2017
internal review  Marapara, Simon (e3Scientific)
Bloomberg, and Jessie
Lindsay
B Draft for Clint Rissmann, Tapuwa Adam Martin (GNS 13/11/2017
external review  Marapara, Simon Science), Crile
Bloomberg, Jessie Lindsay Doscher (Lincoln
and Lisa Pearson University)
C Draft for Clint Rissmann, Tapuwa Jenny Webster-Brown  21/11/2017
Waterways Marapara, Simon (Waterways Centre
Cenfre review  Bloomberg, Jessie Lindsay for Freshwater
and Lisa Pearson Management)
D FINAL 6/12/2017

Acknowledgements

This research was funded by the Ministry of Business, Innovation & Employment (MBIE) via an
EnviroLink Medium Advice Grant (1778-NLRC198) and supported by funding from Our Land
and Water National Science Challenge. We would like to thank Dr Adam Martin (GNS) and
Dr Crile Doscher for their reviews and inputs. We thank the Northland Regional Council staff
for their input of local knowledge and in particular Susie Osbaldiston and Duncan Kervell for

coordinating this work and hosting a visit fo the Northland region.

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |ii

Table of Contents

TADIE Of CONIENES ...ttt seee e s ser e s e et ss et e s sseesssanessnnessssessssesssssessssnessssasssnsassneanas ii
LiST OF FIQUIES......eeeeeeieeeececceteee et ecrtteeessnte e esssaee e e s saeeeessnnesesssnnasssssssasessssnesessssssessssnsssessssnseessnnnaens iv
LiSE Of TADIES ..ottt sttt e s ne s at s s s s esesassesanesessasssasessssessnssssasasesasassns vii
T INITOAUCHON ... eeieeecceeeceeccetereeeceeeestte st e s saeeeseeesssnessnsesssssassssessssnessnsesssnsssssnessssnsssseasssansssnees 1
1.1 Climatic and HydrologiCAl SETTING ...cuieicieeeeeeee ettt ettt 3
1.2 GO OQY ccuttietieeetieeetee ettt et e et e et ee e ete e e bt e e e tb e e e baesbaeebae e bbe e tbeaaabaeebaeebae e tbaeastaeabaeebaeesraanns 4
1.3 SO ettt ettt ettt ettt e be et e b e beett e st e st e eheertes b e beereestesb e beettesb et eeteestensenteereentents 6
1.4 WATET QUANITY ettt ettt e et e bt et e e be e be e seesseenseenseenseenseenseensenn 9
1.5 Radiometric Survey Data and CONTIOIS .....ocvvevieiieiierieeeteete e 10
1.5.1 Controls over Radiometric Signals (gamma-ray €mission) ........ccceeeeveeeveeecveeennenn 12
1.5.2 Weathering and transport IMITATioN ... 13

1.6 TEST ATEQS ettt ettt ettt ettt e et e et e et e e be e bt et e e s s e e s bt enseenseenseenseenseenseenseenseenseentean 14
1.6.1 TEST SITE 11 ANIDOIT ittt ettt ettt ebeebe e be e se e seeseesnensean 15
1.6.2 TEST SITE 2 WOIDOD O ittt ettt ettt ettt ettt et e e esseese e seeseeseeseenseensean 15
1.6.3 TEST SITE B: KOIDAIT ettt ettt ettt ettt ebe e b e e seebe e seeseensean 15

2 Radiometrics aNd DEM SIOPE........euueeiiiiiiicciretetecccccrnneeeeeesesessssnseeseeessssssssassessssssssssssassaseses 16
2.1 DI elg] olile] g el lB] = 1Y We o] { TSSO 16
2.2 DEM Slope, Geomorphic Understanding and Radiometric Signals .........cccceeeveeveneee. 16
2.3 DEM SlOPE SUMMGIY ceutieiieiieieecieeitestt et et esveesteesseesseesseesseesssesssesssesssasssesseesssesssesssesseesssennes 21

3 Radiometrics and NZLRI SIOPE CIASS.......cciieevveeireereeirecreetiecsetereesneesecssneesecsseessssnsessssssssssssnns 22
3.1 B el q] el o] alel ile o) f TR 22
3.2 Slope Class and RAdiOMETTC SigNQAIS....cuicvieiieiieieeteete ettt et et eve v e ens 22
3.3 SIOPE ClASS SUMMNIANY et eeieee ettt ettt eeetee e eeteeeeeeaeeeeeetveeeeeaseeeeesseeeessseeeeesreeseessseeennnes 25

4 Radiometrics aNd GeOlOgY .......ccociiiiiiiiiiiciettcccceteeercee e eesseeeeessrseesessseesessssassessrsessessssassesnns 26
4.1 Descripfion Of QMAP AQTQ ..ottt s s e s s ees 26
4.2 Comparison of radiometric signal with QMAP attributes ... 27
4.2.1 StratigraphiC AQE (STRAT_AGE) ... ettt ettt ettt eveeveeaeeteeaveens 27
4.2.2 Dominant Rock Type (MAIN_ROCK) ...ttt ettt ettt et ete et et eve v ens 30
4.2.3 Dominant Rock Type and Geological Age (SIM_NAME) ..., 34

4.3 Descripfion Of NZLRI AQTQ...uiiiiciieieeeeeee ettt st e st s aae e 39
4.4 Comparison of Radiometric signal with NZLRI attributes ... 39

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |iii

4.4.1 Near-surface lithology (LRI ROCK2) ...ttt ettt ettt eve v 40

4.5 Geology Summary - NZLRI aNA QMAP ...ttt 43

5  RAIOMEITICS AN SOIIS .....ccocuviieeiireieceticrterreeecreeeeseeseseeessseeseseeesssnesssssessssessssessssnsssssssssnsassnnes 44
5.1 DesCripTion OF FSL AO Q.. ettt et e e eas 45
5.2 Comparison of radiometric signal with FSL attrioutes ... 46
5.2.1 SO TEXTUIE (SOILTYPE) ettt ettt ettt ettt et et e ve v e ve e be e ae e aeenean 47
522 Soil permeability (PERMEABILITY) c.vieiieie ettt ettt ettt et ae s 50
523 Depth to Slowly Permeable Horizon (DSLO_CLASS) ...ooiieieeeeeeeeeeeeeeee e 56
524 Soil ArainagE (DRAIN_CLAS) oottt ettt ettt ettt ve v eeve et veeebe e ve e vserean 60

5.3 FSL SUMIMIQAIY ittt ettt ettt e e e et e et e e tteesebeseabaeenbbaesseasssaeesbasensseenssessssaeasseean 65

6 LINZ SWamPpPs AHIDUIE LAY .........ueiiieeireeercceeerceeerncseeesseseeessessaressessnnesssssnsesssssnsesssssanens 66
6.1 DeSCrIPTION Of AOTA ..ttt et et e e v e ebe e eteeeeabeeeraeenrae s 66

7  River Environmental Classification (RECT).......ccccceeerevreirirrieennereeencreeessesneeesssneesssssanessssanens 69
VA DI el 1] e) 1o ale] e o ] (o TSRO 69
7.2. Comparison 10 radiomeEtric SIGNQAL........coi i s ees 70

8 Radiometric EvAluGhon SUMMIAIY .........ooiiiieieeeccccctteeeeeccecesreneeeeeessessssasesssesssssssssnsesseees 73
9  Physiographic Method for Northland.............cccuueiiiiiiiiiiiiieccreeeecreeeesceeees s ree e e s saeeesssaneees 79
9.1 Process-Attribute Layer MethodOlOgY ......coueeieieniieieietetetese et 80
9.1.1 Northland Sediment Process Attribute Layer (S-PAL) Method ........cccceeieevennee. 80
9.1.2 Northland Hydrological Process Atftribute Layer (H-PAL) Method......................... 84
92.1.3 Northland Redox Process Attribute Layer (R-PAL) Method........ccccoeveeieevecneennnnee 87

9.2 Northland Specific Physiographic Environments for Water Quality........cccceeveeneennnee. 89
9.3 Data requirements from NRC 1O ClASSITY PALS .......ooovieeeeeeeeceeeeeeeeeeeeeetee e 90
9.3.1 WATEr QUAIITY AT ittt eene e e enaeeenee s 90
9.3.2 GIS SPAHAI FEQUITEIMENTS ...ttt e e eeneeeeaeeennee s 92

9.4 Schedule of outputs for Northland Regional COUNCIl .....uecvieciieiicieciececeee e, 92
TO  REFEIENCES ....oceeiiiieeeectercrtrrcresceeresresesnesesasesssnesessnessssasesasassssesesstsssssesesassssssessssesssssasessasssns 94

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |iv

List of Figures

Figure 1. A hydrological cycle; the physiographic approach is holistic, considering the
influence of each hydrological domain over water quality outcomes for both surface and

SNAIIOW GIrOUNGT WOTET ..ttt ettt ve e st e e bae e tbe e tbeesataeeabaeenbaessseesssassssessssseessennes 3
Figure 2. Northland median annual rainfall (1981-2010; adapted from Chappell, 2013). .......... 4

Figure 3. Northland geology from QMAP (attribute field: Main rock). Source: Isaac, 1996;
Edbrooke and Brook, 2009; GNS SCIENCE. ....coueiiiriieieteiestee ettt ettt sttt 6
Figure 4. Soil texture from Fundamental Soil Layer (attribute field: Soil_Type). NB: The soil
texture attribute layer of the NZLRI does not recognise soil depth, where areas of rock

outcrop and steep slope may have a very thin to non-existent layer of soil cover (Lynn et al.,

2009 ). ettt ettt ettt h ettt a e btk e e ea e bt ket ea e e a e bt A et e a e bt A et et eneeh et et entehe st et et e st ebententeneene 8
Figure 5. Northland radiometric ternary GeoTiff (NZP&M, 2011) showing test areas 1 = Ahipara;
PR Tell ole] olo HC I ol 1o ] o T U U OO USSR 11
Figure 6. Ahipara test area comparison of radiometrics and DEM slope.......ocoevvevvevvenvenneennen. 18
Figure 7. Waipapa test area comparison of radiometrics and DEM slope. .......covvveeeveeeciieennnens 19
Figure 8. Kaipara test area comparison of radiometrics and DEM slope. ......ccoecvevvevivenivenneennen. 20
Figure 9. Slope class from NZLRI and radiometric ternary at AhIipara. ........ccccoeeveeeveeceecciieccieenn, 23
Figure 10. Slope class from NZLRI and radiometric ternary at WaipapaQ........cccveeeveeecieeeciiecciieenns 24
Figure 11. Slope class from NZLRI and radiometric ternary at Kaipara. ......cccccceeevevveireecieeceeennen. 25
Figure 12. Radiometrics ternary with Strat_Age at Ahipara test areq. ......cccevvevvevievieneeneeen. 29
Figure 13. Radiometrics ternary with Strat_Age at Waipapa test areq......cvevvevvevvecivecveneennen. 29
Figure 14. Radiometrics ternary with Strat_Age at Kaipara fest area. ......cccveeeeeveviecieceeceennen, 30
Figure 15. Dominant rock type from QMAP and radiometric ternary at Ahipara. ..........ccue...... 32
Figure 16. Dominant rock type from QMAP and radiometric ternary at Waipapd........ceue...... 33

Figure 17. Dominant rock type from QMAP and radiometric ternary at Kaipara. Red arrows

denote K-rich beach sands and beach sand derived sediments and blue arrows denote

mantling by aeolian Silt ANA ClAY. ....ccuiiiieeeeeeeee et st eens 34
Figure 18. Rock type and age from QMAP and radiometric ternary at Ahipara. .......ccceeeeeeeee 36
Figure 19. Rock type and age from QMAP and radiometric ternary at Waipapa. .......ceue...... 37

Figure 20. Rock type and age from QMAP and radiometric ternary at Kaipara. The blue
arrows denote mantling by windblown silt and clay and red arrows show areas with K-rich

Y] T RSSO RRRN 38

Figure 21. Rock type and transformation (LRI Rock2) and radiometric ternary at Ahipara. .... 41

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |v

Figure 22. Rock type and transformation (LRI Rock2) and radiometric ternary at Waipapa... 42

Figure 23. Rock type (Rock2) from NZLRI and radiometric Ternary KQipara. .....c.cceceeeevereeeennene 43
Figure 24. Soil texture from FSL and radiometric ternary at Ahipara. ......ceceeeeeceeceeneeceeseenen, 48
Figure 25. Soil texture from FSL and radiometric ternary at Waipapa. .......ccceeeeeeieeciiecieecieecneeee. 49
Figure 26. Soil texture from FSL and radiometric ternary at Kaipara.........cceceeeeevievienieesveneenen, 50

Figure 27. Permeability class from FSL and radiometric ternary at Ahipara. The grey rectangle
outlining some of the areas with finer scale variation in landscape properties that do not
appear to be well represented by the LRI. Red arrows in the radiometric ternary image
denote intercalations of K-rich dune sand that has been blown along low lying valleys, which
are not reflected in the LRI MAOPDING. .iccviiiiiieciece ettt ettt et s ae s ae e ae s saesaneeens 53
Figure 28. Permeability class from FSL and radiometric ternary at Waipapa. ......ceeceeeevveevieens 54
Figure 29. Permeability class from FSL and radiometric ternary at Kaipara. The grey rectangle
outlining some of the areas with finer scale variation in landscape properties that appear to
be better represented by the radiometric AATA. ... 55
Figure 30. Depth to a slowly permeable horizon at Ahipara. The grey rectangle outlining
some of the areas with finer-scale variation in landscape properties that do not appear to be
well represented by the LRI. Red arrows in the radiometric ternary image denote

intercalations of K-rich dune sand that has been blown along low lying valleys, which are not

reflected in The LRI MAPPING. ceiiiieieeece ettt sttt e e et e e e s eae e abeesaesaaeenns 58
Figure 31. Depth to a slowly permeable horizon at WaipAp Q. .....ccvveieeviieiiereeieeeeeeeeeieeen 59
Figure 32. Depth to a slowly permeable horizon at KQipard. ........cceeceeveeiieceeniecieeceeieeceeeeen 60
Figure 33. Drainage class from FSL and radiometric ternary at AhIpara. ......ccceeeeeeeceevneeceeene 63
Figure 34. Drainage class from FSL and radiometric ternary at Waipapa........ccecveveevvenieenieennen. 64
Figure 35. Drainage class from FSL and radiometric ternary at KQipara. .......cccceeeeeeecevenveceennne 65
Figure 36. Swamps oufline from LINZ and radiometric ternary at Ahipara. ........ccecveevecivecneenen. 68

Figure 37. Swamps outline from LINZ and radiometric ternary at Waipapa. Gamma
aftenuation rates are high in areas of elevated water table (swamps). Drainage of swamps

and subsequent soil evolution results in higher gamma VAIUES. .......c.covvevieecieeciecieeieeeeeee e 68

Figure 38. Swamps oufline from LINZ and radiometric ternary at Kaipara. Gamma
aftenuation rates are high in areas of elevated water table (swamps). Red arrows denote
areas of swamps and/or ephemeral dune lakes(?2) that are not picked up by LINZ. The
absence of these features in the LINZ data layer may be due to the highly dynamic setting,

where highly mobile dune sands may infill or expose new features. ........cceceveveeceeciereneeeeene, 69

Figure 39. River order 3 and greater from REC1 and radiometric ternary at Ahipara. The red

arrow indicates the Kaitdia flood PIGIN. ... e 72

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |vi

Figure 40. River order 3 and greater from REC1 and radiometric ternary at Waipapa. The red
arrows indicate flood plains: Left; Waihou River Valley (and flood plains from the Waipapa

and Whakanekeneke rivers), Right; Kerekeri River/Puketotara Stream flood plains. ................. 72
Figure 41. River order 3 and greater from REC1 and radiometric ternary at Kaipara. .............. 73
Figure 42. Diagram showing an idealised process-attribute gradient, governing the pathway
water Takes ACross the IANASCUPE. ...ccuviieeieeeee ettt e ee e e eaeeeeaee e eeeeveeeeaeeeeseeeeaneeens 79
Figure 43. Proposed conceptual control over enhanced sediment loss from transport limited
settings across Northland. Diagram from Bierman & Montgomery, “Key Conceptsin
Geomorphology, (2013)". Where the bottom text box refers to ploughing we redefine this as
any activity that has significantly modified the hydrological response of the land surface. ... 81
Figure 44. Classed process attribute layer for Southland hydrology (H-PAL). For clarity,
overland flow layer and stream sources are not shown here. Where the map represents a
ClASSEA PrOCESS ATTTHOUTE ..ot e e e et e e aee e e e e ereeeenaeeeaeeen 85
Figure 45. Classed hydrological process attribute layer for Waituna Catchment intersected
with fine scale flow paths of overland flow, deep drainage, and arfificial drainage density. 86
Figure 46. Process-attribute gradient for soil types and redoX. .....ccveeeeeneereenienieneeseeseeseeeen 87
Figure 47. The combined (soil and geological) reduction potential layer for Southland
(Rissmann et al., 2016a/b/c; Beyer et al., 20T8Q7/0) . v 88
Figure 48. Conceptual diagram of how individual Physiographic Units that govern water
quality were identfified for the Southland Region. Areas with a similar PAL class assemblage
for each PAL host similar process level controls and as such generate similar water

ToTe] aa] oY1 1] TR 89

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |vii

List of Tables

Table 1. DEM METAAATA. ettt sttt s b ettt bbb 16
Table 2: NZLRI slope Class METAAATA. .....couiiiieceeeeeece ettt e e e enes 22
Table 3. QMAP METATTTA. ..ottt sttt ettt et st bt e eae b s b emaenee 26
Table 4. NZLRI METAAATA. ..ottt sttt sbe ettt sbe et e b b emae e 39
Table 5. Fundamental Soils Layer metadatQ. ... 45
Table 6: LINZ Swamp Layer MetadOTO. ...ttt et e ve e e s e 66
Table 7. RECT METAAATA. ittt sttt st ettt ettt sbe e eae b s b emaenee 69

Table 8. Summary table of the relationship between geospatial data and radiometric signal.

Table 9. Surface and groundwater chemical analytes needed for classification and
(el [Te el iTe] o I e )il oY KOTSRS 91

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |1

] Infroduction

This study evaluates the landscape relationships and suitability of existing geospatial datasets
for the purposes of mapping physiographic water quality units for the Northland region. The
physiographic method seeks to explain ‘how’ and ‘why’ water quality varies across a region
by identifying the gradients driving key landscape processes that govern water quality
outcomes and risk (Rissmann et al., 2016). The importance of understanding the role of the
landscape reflects the observation that whilst land use is a prerequisite for poor water quality
outcomes, it is the inherent physical, chemical and biological characteristics (attributes) of a
landscape that are often responsible for a larger proportion (>2 times) of the variation in
water quality outcomes (Johnson et al., 1997; Hale et al., 2004; Dow et al., 2006; Rissmann et
al., 2016). This is particularly true for regions and/or countries, such as Northland and New
Zealand (NZ), which are characterised by steep gradients in chemical, physical and

biological landscape attributes (Close and Davis-Colley, 1990; Rissmann et al., 2016).

The fundamental basis of the physiographic approach is the recognition and mapping of
gradients in those key landscape attributes that control variation in water quality outcomes,
in addition to land use. For example, gradients in soil drainage class are known to strongly
influence the degree to which nitrate is attenuated via denitrification (Webb et al 2010; Killick
et al., 2015; Beyer et al., 2016b; Beyer and Rissmann, 2016); gradients in soil permeability and
depth to slowly permeable (<4 mm/hr) layer determine the pathway water takes across the
landscape and influence the potential for entrainment of contaminants via subsurface
drainage and overland flow (Nash et al., 2002; Vidon and Hill, 2004; Soana et al., 2017) and;
gradients in hydrological connectivity also determine the flushing potential of aquifers,
streams, estuaries and lagoons (Volk et al., 2006; Larsen, 2012; Roselli et al., 2013; Outram et
al., 2016). An understanding of the landscape level controls that govern variability in those
key attributes that drive spatial variation in water quality, therefore, is fundamental to the

physiographic approach (Figure 1; Rissmann et al., 2016).

In the following report, we provide a qualitative assessment of the relationships between
nationally available soil, geological, elevation, and hydrological geospatial layers with
radiometric survey imagery collected for the region in 2011 (NZP&M, 2011). Consultation with
local experts of the Northland region was fundamental in understanding the relationship
between the geospatial layers and radiometric imagery. Radiometric imagery is a useful
ground truthing and integration tool providing a direct measure of the surficial (300 — 500
mm) composition and character of soil and geology at a far greater resolution than afforded

by polygonal soil and geological maps. We consider radiometric imagery a useful ground
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truthing and integration tool and one important part in assessment of landscape level

controls over the gradients governing hydrological and redox response.

The radiometric (gamma ray) survey of the Northland region (NZP&M, 2011) has a nominall
resolution of 50 m that provides a direct measure of the spatial heterogeneity of the land
surface relevant to deciphering the key landscape conftrols over water quality. The horizontal
resolution of radiometric imagery (c. 50 m), means that it is more resolved than current
polygonal maps of soil, geological, hydrological and ecological gradients. This contrasts with
a generous estimate of 1 auger point per hectare that is typical of regional soil surveys (Lynn
et al., 2009).

The key focus of this work is the development of an understanding of the landscape level
conftrols over the gradients in soil (compositional and structural) and hydrological properties
that drive gradients in hydrological pathways, redox and sediment response relevant to
water quality outcomes. A quantitative assessment of the spatial relationships identified in this
preliminary study will be produced during subsequent mapping of physiographic settings for
Northland.

This section infroduces the background climatic and hydrological setting, and geological
evolution of the Northland region, including a high-level summary of soil characteristics. We
also provide a summary of the nature of the radiometric survey data collected for Northland,
which includes: (i) a review of the general controls over spatial variation in radiometric
signals, and; (iij a commentary on the use of the Northland radiometric survey as a regional
extensive geospatial platform to better understand erosion and transport processes. The
focus is on evaluating the relationship between gradients in landscape geomorphology,
radiometric signals and key landscape attributes hosted by existing geospatial layers (e.g.
QMAP!, NZLRI?, LINZ3, RECv14) in terms of their importance over water quality outcomes. As

such, this evaluation departs from a traditional assessment of soil and geological domains.

I QMAP: Geological Map of New Zealand, includes geomorphology, stratigraphy, tectonic history,
geological resources, geological hazards and engineering geology.

2 NZLRI: New Zealand Land Resource Inventory, national database of physical land resource
information including geology, soil, slope, vegetation type, and erosion type and severity.

3 LINZ: Land Information New Zealand.
4 RECvV1: River Environment Classification, national database of catchment spatial attributes,
summarised for every segment in New Zealand's network of rivers.
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Figure 1. A hydrological cycle; the physiographic approach is holistic, considering the influence of
each hydrological domain over water quality outcomes for both surface and shallow ground water.

1.1 Climatic and Hydrological Setting

Rainfall is abundant throughout the Northland region, ranging from mean annual averages
of 1,000 mm in low lying coastal areas to 2,000 mm at high elevations (Figure 2; Chappell,
2013). High intensity rainfall events (max. 47 mm/hr) associated with the passage of fropical

or subfropical storms can lead to flooding (Chappell, 2013).

There is an extensive network of rivers and streams in Northland, with over 1,400 individual
source-to-sea catchments flowing through the narrow landmass. The narrow landmass
(around 13,000 km2) means that most rivers are short (<30 km), with small catchments. Most
maijor rivers flow into harbours or estuarine environments, rather than discharging directly to
the open ocean (Northland Regional Council, 2011; Ballinger et al., 2014). The largest river in

Northland is the Northern Wairoa (near Dargaville), with a catchment area of 3,650 km2.
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Based on the 30 year period 1981 - 2010.
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Figure 2. Northland median annual rainfall (1981-2010; adapted from Chappell, 2013).

1.2 Geology

Northland is geomorphically one of New Zealand's oldest regions, with no recent
(Quaternary) glacial activity and few regionally significant volcanic ash deposits since the
middle of the Miocene (c. 14 Ma ago). In part, this reflects the climatic history of the region
but also the tectonic (faults & upliff) and eruptive (volcanic & infrusive) setting (Isaac, 1996;
Edbrooke and Brook, 2009). The geological history of Northland is dominated by its location

solely on the Australian plate, which means that it is not part of an active plate margin, nor
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an extensional back arc basin (such as the Taupo Volcanic Zone). Under this unique setting,
the sedimentary succession ranges from the Permian-aged (299 — 252 million years ago)
Waipapa-Composite and Caples terranes (greywacke-argillite/chert/melange) to
Quaternary-aged beach sands, with infrequent pulses of local intraplate volcanism (Figure
3).

In Northland, sedimentary basement rock outcrops at the surface along the east coast,
around Whangarei and to the north, and gently dips to the west to a depth of 3 km
(Stagpoole et al., 2012). It is formed from several different terranes (including the Dun
Mountain-Maitai Terrane which runs the length of New Zealand) that were amalgamated in
the Mesozoic (252-66 Ma). These marine derived units show a history of seafloor activity found
on the passive margins of arift (where tectonic plates are pulling away from each other).
Later, in the Oligocene (33.9-23 Ma) and Miocene (23-5.3 Ma), the western plate margin
activated, and large-scale volcanism occurred (Hokianga Volcano/Waitakere Group;
Stagpoole et al., 2012). A subduction zone likely existed to the northeast of Northland in the
Early Miocene, causing the Northland Allochthons to be thrust over much of the peninsula

from the north east.

The Northland Allochthon is made up of the former passive margin wedge, therefore is mostly
comprised of marine clastics, mudstones and sandstones (as well as volcanic piles of
Tangihua complex pillow basalts) and tectonically derived melange. The thrusting of this
wedge in layers upon the basement has thickened the allochthon in places to more than 3
km (in the west). During this fime, volcanism occurred on the eastern edge of the allochthon
as an extension of the Coromandel Group. As subduction slowed in the Early Miocene, block
faulting occurred along the east coast, liffing and dipping the blocks to the west. From the
middle of the Miocene through to modern day, only a few more units have been emplaced;
namely, the Kerikeri group of intraplate basalts and felsic domes (9-2.6 Ma) and the recent

beach dune sands along the west coast and Far North.

Rock strength and degree of induration, primary texture and provenance are key controls
over sediment yields, soil hydrological properties and biogeochemical properties of both sall
and aquifers, respectively. Accordingly, recognition of geological gradients provides critical
constraint over the variation in water quality outcomes for surface, shallow ground water and

near coastal environments.

> A large block of rock which has been moved from its original site of formation, usually by low angle
thrust faulting.
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Main rock type

Unconsolidated

[0 sand

B Mud

I Peat

Sedimentary

I Greywacke

I sandstone

B siltstone

I Mudstone

I Limestone

[0 Chert

[ Conglomerate
Breccia

Volcanic breccia
Felsic
I Rhyolite
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I ignimbrite
I Granitoid
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Mafic
I Basalt
B scoria
I Gabbro

Andesite
Ultra mafic
I Peridotite
Tectonic

Melange
Unknown
I Unknown

[Lake
[ ITown

Figure 3. Northland geology from QMAP (attribute field: Main rock). Source: Isaac, 1996; Edbrooke and
Brook, 2009; GNS Science.

1.3 Soil

The soils of Northland are predominantly Ultic according to the New Zealand Soil
Classification (NZSC). Ultic soils are strongly weathered and contain well-structured clay-
enriched horizons in the subsoil. Other NZSC orders present are; Brown soils (typically silt
loams) on younger sedimentary land surfaces; Granular soils, a clay soil formed by the strong
weathering of volcanic rocks; Podzol soils that are high in organic matter and are strongly
acid beneath the top soil; Gley soils form in response to prolonged periods of soil saturation;

Recent and Raw soils are weakly developed to minimally developed. In Northland, Recent
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and Raw soils are typically associated with recent beach sands and young alluvial

floodplains.

Soil order can be limiting when attempting to understand the relationship between gradients
in landscape attributes such as slope, geology and geomorphic setting and attendant
gradients in a soil's physical and chemical properties (Rissmann et al., 2016, TC2, TC3 and
TC6). Accordingly, this work seeks to refine the understanding of the landscape controls over

soil properties that are relevant to water quality outcomes.

Soil texture (Figure 4), permeability and drainage class are the critical attributes determining
the pathway water takes across the landscape and the strength of soil zone reduction,
respectively (Rissmann et al. 2016a and b). Areas characterised by slow permeability (<4
mm/hr) are more prone to overland flow than soils with high permeabilityé. Areas of well
drained soils with moderate to high infiltration rates favour deep drainage. The proportion of
slowly permeable soils in Northland is 56%, the majority of which occur in lowland areas. The
proportion of well drained soils is small (18.7 %), with most of the soils classified as poorly
drained (35.7 %) or moderately well (45.6 %) drained. Poorly drained soils are often strongly
reducing and therefore have higher denitrification rates than well drained soils, however,
poorly drained soils have a greater tendency to leach phosphorus (P) and are also more

prone to overland flow (McDowell et al. 2003).

Soil structure, texture and mineral composition are important attributes governing the
evolution of macro-pore (bypass) networks, which are critical pathways for water and hence
contaminant transport (Rissmann et al., 2016a and b; Beyer et al., 2016). Although there are a
range of soil related features that may facilitate bypass, we consider the largest and most
integrated structures (e.g. soil cracks due to the desiccation of clays and/or pedogenic
features) the most important in terms of water quality outcomes (Rissmann et al., 2016b).
Specifically, those soils with large and well-integrated macropore structures favour the
bypass of the soil matrix and in our experience, are associated with poor water quality
outcomes for nitrogen (N), microbes (i.e. E. coli, (M)), and at times phosphorus (P) (Risssmann
et al., 2016aq).

Across Northland, 68 % of soils are characterised as clay-rich (argillic, Figure 4) and may
crack during the summer in response to soil moisture deficit. Consultation with local soil
experts can be used to identify soils with large macropore structures that may be associated

with contaminant bypass. Typically, soils that exhibit shrink-swell characteristics tend to be

¢ It is anticipated that those areas with soils of slower infiltration rates have been modified by artificial
drainage.
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clay-rich and/or are characterised by large and highly conductive pedogenic structures
(e.g., massive columnar peds in some areas of ‘gumland soils”’) in contrast to the overall soil
matrix. These large macropore networks provide a preferred pathway for water and
contaminant transport and influence redox gradients by directly coupling shallow soil and
groundwater to the atmosphere (Dif and Bluemel, 1991; Day, 1994; Guney et al. 2007; Beyer
et al., 2016aq).

Soil Texture

- Clay and clay loams

- Silt loams

- Sand and sandy loams
- Peat loams and loamy peats

Not mapped - native forest

- Stony complex
- Bedrock

Figure 4. Soil texture from Fundamental Soil Layer (attribute field: Soil_Type). NB: The soil texture attribute
layer of the NZLRI does not recognise soil depth, where areas of rock outcrop and steep slope may
have a very thin to non-existent layer of soil cover (Lynn et al., 2009).

7 Strongly leached soils that are derived from weathered sands, sandstones and claystones that contain
Kauri gum (a fossil resin). The soils are typically low ferfility soils with high moisture content.
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The microbial load, free and sorbed N and P, organic carbon (C), and associated carbon to
nifrogen (C:N) and carbon to phosphorus (C:P) ratios are important indicators of sediment
quality. Developed soils have a higher potential microbial (M), N and P load along with
organic carbon characterised by smaller C:N and C:P ratios relative to areas of indigenous
land cover with undeveloped/natural state soils. The contaminant content associated with 1
kg of agriculturally derived sediment, therefore, can be large relative to 1 kg of sediment
derived from a natural state setting (Cooper and Thomsen, 1988). Recognition of this
difference in sediment quality is very important in terms of internal eutrophication of rivers,

lakes, lagoons and estuaries.

Soil P-retention or anion exchange varies with soil age and parent material. According to the
New Zealand Land Resource Inventory (NZLRI), 19% of Northland mapped soils are
characterised by high P-retention (mostly associated with younger volcanic landforms) and
48% by low P-retention, with the rest having moderate P-retention. The ability of soils to sorb P
has implications for P leaching, the P-content of sediment lost via farm drainage and/or the P

content of stream banks that are eroded during peak flow events.

1.4 Water Quality

One of Northland’s biggest water pollutants is sediment, particularly fine silt and clay sized
particles including colloidal suspensions (Ballinger et al., 2014). Here we define sediment as a
heterogenous assemblage of inorganic and organic constituents as well as microbiological
organisms, such as bacteria and viruses. Sediment is mobilised during high intensity rainfall
events, as soils with predominantly clay textures or slowly permeable horizons are slow to be
infiltrated by water from rainfall, and consequently, rapid overland water flow resultsé (Collins
et al., 2007; Ballinger et al., 2014). Overland flow is considered the fransport pathway which
mobilises the highest particulate contaminant load (McKegrow et al., 2007; McDowell, 2008;
Monaghan et al., 2010). Almost all monitored rivers in Northland, including those that pass
through land with mostly native forest cover, have turbidity and microbial (E. coli) levels
worse than the national median (McDowell et al., 2013; Ballinger et al., 2014). Phosphorus, as

dissolved reactive phosphorus (DRP) and total phosphorus (TP) are also elevated.

Nifrate (NO3s) concentrations in groundwater are elevated (3 - 6 mg/L, NOs-N) in a few small
areas, where well drained volcanic soils overlay fractured rock. In these areas, land surface
recharge (winter rainfall) drives water movement and recharge of underlying aquifers.

Elsewhere, due to poorly drained soils and/or reducing aquifers, nitfrate concentrations are

8 The clearance of indigenous vegetation, development of agricultural land and soil compaction favour
the drainage of water across the landscape at much faster rates than occurred in the past.

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |10

thought to be low (Cameron et al. 2001). Phosphorus concentrations in groundwater is
considered elevated in aquifers and stream baseflow in places, perhaps due to both a
combination of anthropogenic and naturally elevated concentrations in aquifer materials
(Unpublished data NRC, 2017; see also Rissmann and Lovett, 2016).

1.5 Radiometric Survey Data and Conftrols

Airborne gamma-ray spectrometry measures the strength of gamma-radiation emitted from
naturally occurring radioisotopes. Of the naturally occurring radio isotopes 4K, 232Th and 238U
are the only radioactive species that emit enough gamma to be detected by scintfillation
counters at the altitudes typically flown by survey aircraft (60-140 m). Scintillation detectors
measure the strength of gamma signal for each key radio nuclei and convert it to an

equivalent gamma count.

The maijority of the gamma radiation emitted to the atmosphere is derived from shallow
depths with approximately 90% coming from the top 300 — 500 mm for dry material with a
bulk density of 1.5 g cm3 (Grasty, 1975; Wilford, 1997). Radiometric data is typically displayed
using a red green blue (RGB) ternary, where red is the potassium gamma count, green is the
thorium count and blue is the uranium count (Figure 5). Throughout this report we use the

terms, ‘radiometric signals’, and ‘gamma signals’ intferchangeably.

For the Northland survey, several thousand line kilometres were flown at intervals spaced 200
m apart and tied together every 2000 m. The plane flew with a sensor height of 60 m. The
associated imagery derived from these surveys should have a nominal resolution of 50 m,
making it much finer than existing soil and geological polygons. During this investigation,
however, it was discovered that the New Zealand Petroleum & Minerals (NZPAM) information
package did not contain the high-resolution ternary radiometric imagery. Accordingly, for
this study the authors were restricted to a set of GeoTlFFs of lower resolution than is typical of
radiometric imagery (c. 150 m as opposed to = 50 m). New Zealand Petfroleum & Minerals
may follow up with GNS Science to have the high-resolution ternary image processed and

supplied for the Northland survey.
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Radiometric Ternary

Figure 5. Northland radiometric ternary GeoTiff (NZP&M, 2011) showing test areas 1 = Ahipara; 2=
Waipapa; 3 = Kaipara.

Despite the lower resolution of the imagery used for this study, meaningful relationships
between radiometric signals and existing geospatial layers were still apparent during
exploration within a GIS. The resulting figures produced by the export of imagery from GIS are

of lower resolution than the geo-tiffs, which when combined with a smaller view (exported
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image to insert into this text), diminishes some of the clarity. This does not detract from the
strength of the spatial relationships presented here but does limit, to some extent, the impact
of the figures embedded within the text to showcase these relationships. For this reason, the

authors provide a GIS package to accompany this report.

1.5.1 Confrols over Radiometric Signals (gamma-ray emission)

Unweathered rock and sediments contain different abundances of radiogenic K, U and Th
minerals that equate to distinct gamma ray spectra and gamma signal magnitude.
Geologists and geochemists use the knowledge of different petrochemical assemblages to
guide the interpretation of radiometric imagery and to better refine small scale
heterogeneity in geological gradients. The weathering of rock and sediment can mask or
modify the primary signal which generates heterogeneity at a scale finer than is typically

captured by regional geological mapping.

In addition to better resolving surficial geological controls, radiometric imagery is useful for
better defining fine scale variation in geomorphic controls that drive gradients in the
physical, chemical and biological properties of the landscape (Wilford, 1995; Wilford et al.,
1997; Pickup and Marks, 2000 and 2001; Wilford, 2012; Bierwirth 1996; Herrmann et al. 2010;
Beamish 2015; Hedley et al. 2016). For example, gamma-ray emission is strongly mediated by
soil bulk density and porosity, which vary according to soil age, climate, parent material
texture and composition, fopography and relief. Accordingly, many workers have used
variation in gamma signal due to gradients in soil textural properties, permeability and
drainage class to refine the spatial accuracy of catenary (topographical) gradients and
associated hill slope hydrological models (Parfitt and Wilson 1985; Daniels and Hammer 1992;
Beerten et al. 2012; Bockheim and Hartemink 2013; Dixon 2015).

Potassium, U and Th gamma signal also varies according to particle size. As a soil weathers, U
and Th are liberated from primary minerals and move to sites of surface charge via a
combination of co-precipitation and adsorption reactions onto iron and/or aluminium
(oxy)hydroxides and/or structured clay minerals, whereas K is often leached (Misaelides et
al., 1987; Sikalidis et al., 1989; Boekhout et al., 2015; and references therein). Residual sand-
sized particles liberated during weathering of volcanic rock and or infrusive rock have little
surface charge, equating to a lower concentration of U and Th, relative to secondary clay
minerals. Whereas, sand-sized particles and Northland beach sands are by comparison, K-
rich, reflecting the abundance of resistant feldspars including microcline, orthoclase and

sanidine if derived from felsic volcanic rocks (Claridge, 1961). Winnowing of weathering
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products by wind or water separates out K-rich sand-sized grains from U and Th enriched silt
and clays. This fractional sorting can produce sharp contrasts in gamma ray emission signals,

especially in settings characterised by strong fluvial and/or aeolian gradients.

Water content is also a strong attenuator of gamma radiation, with areas characterised by
standing water (e.g. lakes or lagoons) or shallow water tables, showing low gamma counts.
Whilst gamma attenuation by water is a limiting factor for exploration geologists, attenuation
by water has been used to identify areas with high water contents, such as wetlands and
swamps, and low-lying stream channels and floodplains with naturally elevated water tables
(Bierwirth 1996; Pickup and Marks, 2000; Beamish 2015). Organic carbon is naturally a low
emitter of gamma radiation due to a lack of mineral material, with peat deposits showing
naturally low gamma. Finally, masking or attenuation of gamma ray signals by vegetation is
typically minimal, except where there are dense stands of forest for which reductions in
gamma ray counts of 14 + 22% have been reported (Aspin and Bierwirth, 1996; Pickup and
Marks, 2000).

1.5.2 Weathering and transport limitation

A large body of authors note that regional radiometric imagery, when used in conjunction
with digital elevation models (DEM) and other geospatial frameworks, provide a means to
overcome the major obstacle of up-scaling smaller scale field based studies to whole regions
(Wilford, 1995; Wilford et al., 1997; Pickup and Marks, 2000 and 2001; Wilford, 2012). These
authors go on to note, that in areas without radiometric cover, the most critical obstacle to
regional representation of the controls over erosion and sedimentation is the lack of ability to
measure spatially distributed, regional-scale sedimentation processes, which makes it difficult

to produce a high resolution regional scale representation of sediment sources and sinks.

All these studies demonstrate the value of radiometric imagery in discriminating between
‘weathering’ and ‘transport’ limited areas when used in conjunction with DEMs (see sections
2.1 and 2.2.) and existing soil and geological frameworks. Weathering limited settings
(landforms and slopes) are characterised by greater rates of sediment export than
accumulation; due mainly to greater relief, slope, altitude and an associated increase in
rainfall intensity and volume. Weathering limited areas are also characterised by thin soils (<2
m) which are formed in moderately to slightly weathered bedrock regolith, or unweathered
bedrock (Tonkin, 1984). Due to thinner soils, coarser textures and lower bulk density; gamma
signals over weathering limited landforms typically reflect the mineralogy and geochemistry
of the bedrock (Wilford, 1992; Wilford et al., 1997).
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Where the steepness of a slope and/or stream confinement falls below some critical
threshold, the rate of regolith production is greater than the capacity of tfransport processes
to remove it (Tonkin, 1984). Typically, these settings are characterised by lower relative relief
with a thick (>2 - 10m+) mantle of soil/debris overlying moderately to completely weathered
bedrock regolith. Across transport limited settings, weathering and gradients in soil bulk
density, porosity and local water tables may partially modify the primary signal of the parent
material. Departures from this general rule occur where maijor slips or erosional surfaces
expose relatively fresh, unweathered bedrock. By comparison, minor slips or surficial erosion
of fine textured sediments from an area of deeply weathered soil and regolith is not

expected to exhibit a significant contrast in gamma signals.

In the following sections, the relationships between landscape setting and key landscape
attributes depicted by geospatial layers and radiometric signals are evaluated. The choice
of geospatial layers reflects data availability and the desire for regional scale coverage. For
each geospatial layer, we note the strength of correlation, evidence for misalignment
between geospatial attributes, and sources of uncertainty in our evaluation before providing
a summary of our interpretation. We also recognise that radiometric signals and geospatial
layers are correlated at multiple scales: (i) broad scale correlation between radiometric
signals and key landscape features (i.e., regional landform features such as hill country and
lowland areas); (ii) drainage basins at level 3 and higher, and; {(iii) finer scale variation

occurring at 1 - 2 order drainage basin level.

Finally, we recognise that our knowledge of the local setting is limited relative to that of local
experts within the Northland Regional Council and region. Thus, our emphasis is on better
understanding the relationship between geomorphic setting, mapped landscape attributes
and radiometric signals to better resolve key gradients for the purposes of physiographic
mapping of the regional scale controls over shallow ground and surface water quality. As
such, this work relies on expert judgement of landscape relationships considered most
pertinent to water quality outcomes and is not an assessment of fine scale variation in soil or

geological properties for the purposes of mapping of each.

1.6 Test Areas

The variation and relationship between radiometric imagery and geospatial layers for
Northland were examined in detail in three test areas - Ahipara, Waipapa, and Kaipara.
From an initial review of the geospatial and radiometric relationships across the wider
Northland region, these three test areas were selected for detailed comparison in this report.

The test areas have strong contrasts in geology and geomorphic setting.
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1.6.1 Testsite 1: Ahipara

The Ahipara test area is dominated by the raised relief of the Ahipara Massif (Herekino
Forest), the western edge of the Maungataniwha Range and the rolling, dissected hill
country between Tauroa Peninsula (Figure 5). The area also includes the western harbour of
Herekino and the North Western facing Ahipara Bay. Kaitaia is the largest town. The main
rivers in this area include Awaroa and Awanui and the southwest end of the Aupouri aquifer
underlies the lowland areas northwest of Kaitaia. Ahipara was selected for its distinct
boundaries between the basalt rocks of the Tangihua complex and the Punakitere

sandstone rocks.

1.6.2 Test site 2: Waipapa

The Waipapa test area (Figure 5) is divisible into three geomorphic zones: 1. the north western
Waipapa massif (which contains the Omahuta and Puketi Forests); 2. the easterly low
altitude, gently sloping volcanic massif of the Kerikeri volcanics, which confinues to the
coastal town of Kerikeri, and; 3. the south and south west zone including Lake Omapere,
Waihou Valley and the Pukewhararaki Forest. Geologically, the greywacke basement rock
dips west underneath the overlying Kerikeri volcanics and the Waipapa massif is a horst of
basement (Caples Terrane) and Northland Allochthon sandstone units. The main river valleys
are Waipapa, Utakura, Kerikeri, and Waiaruhe. There are several aquifers in the area
including the Ngawha geothermal reservoir in the south and the Kerikeri aquifer which follows
the catchments of the Kerikeri River and Puketotara Stream. Waipapa was selected for
further investigation as parts of the radiometric data set look to be decoupled from the

QMAP geology (Figure 5).

1.6.3 Test site 3: Kaipara

The northern Kaipara barrier encloses the Kaipara Harbour in this test area (Figure 5). The
barrier is made of windblown and longshore drift sand deposits on the seaward side, and
estuarine and fluvial fill on the harbourside. Within the barrier spit there are dune lakes and
swamps. The Puketotara and Hukatere peninsulas and Otamatea and Arapaoa river basins
make up the eastern side of the test area. In the north is the Ruawai alluvial plain and
aquifer. This area was selected because of the active erosion and deposition processes

occurring in the barrier and for the dune lake and wetland/swamp features.
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2  Radiometrics and DEM Slope

In this section, we evaluate the relationships between the regional 8 m DEM (LINZ) slope
raster and radiometric ternary image. The radiometric image is provided as GeoTiff and is a

composite image of the three key radiometric signals, K, U and Th.

2.1 Description of DEM data

The 8 m DEM was originally created by Geographx (geographx.co.nz) and was primarily
derived from LINZ Topo50 20 m contours (data.linz.govt.nz/layer/768) in 2012. The DEM has

been analysed in QGIS to produce a slope raster (units: degrees).

Table 1. DEM metadata.

Source Geographx (2012)
Type Raster
Limitations

Links to text | geographx.co.nz

data.linz.govt.nz/layer/768

Comments | 8m horizontal resolution. Primarily derived from LINZ Topo50 20m confours.

DEM has been analysed in QGIS to produce a slope raster (units: degrees)

2.2 DEM Slope, Geomorphic Understanding and Radiometric
Signals

The first evaluation undertaken with the radiometric imagery was simply overlaying the
radiometric ternary onto the 8 m DEM, with a fransparency of 40%. Within the test areas it is
easy to pick out high relief areas as the radiometric signal boundaries are often coincident.

This is especially frue of any ranges or massifs of the Tangihua complex.

The Ahipara massif in the centre of the Ahipara test area (Figure 6), and the Maungataniwha
range in the east, are the dominant relief structures. These areas of highly resistant bedrock
have been rafted on top of the underlying basement during Northland Allochthon
emplacement. To the west, Gumfields plateau, the radiometric signal is dark blue, consistent
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with mantling of the low gamma signal of the underlying basalts by weathered Neogene
sediments (cemented fine dune sands). These sediments are located on the plateaus and
interfluves and as such are less prone to mass movement or erosion (in this study these
locations are discussed as being transport limited). Within the steep sided valleys coming
down off the Gumfields plateau, the radiometric signal changes to a more K-dominant red
and mottled colour, reflecting the signal of the underlying basement rock. There is also
evidence from radiometric signals of the ingress of windblown coastal dune sands (K-

dominant) up low-lying and seaward facing valleys.

Between the two, high relief, steep sloped massifs lies a large area of dissected rolling hills.
This area is comprised of a sandstone unit (Punakitere Sandstone) which shows a higher totall
gamma count (lighter shades) relative to the low gamma count of the Tangihua basalts
(darker shades). Contrasting radiometric signals within the dissected rolling hills of the
Punakitere Sandstone occur between river valley flats and the moderately sloping hills. The
rivers that run through these valley floors derive sediment from the surrounding hill country
and their radiometric signal appears to be related to their headwaters. For example, at the
eastern base of the Ahipara massif, along the trace of the Uwhiroa Stream, tongues of dark,
attenuated signal similar to that of the massif itself spread onto the flats before being joined
by material from the dissected hill country at its lower reaches. The same gradient can be
seen in the Manganuiowae Stream as it leaves the Maungataniwha Range and travels to

the coast becoming the Rotokakahi River.

In the Waipapa test area (Figure 7), relief related radiometric signals are obvious in the
Waipapa massif and volcanic plateaus west of Kerikeri. The Waipapa River valley is steep
sided, and these valley slopes have either high gamma counts (in the western Waipapa
massif, Omahuta Forest) or low gamma counts (in the eastern Waipapa massif, Puketi Forest).
Where the Waipapa River emerges from the western Waipapa massif, it conveys high
gamma sediments through the Waihou Valley. The western plateaus (Omahuta Forest)
above the Waipapa River, contfrast with dark blue, U-dominant signals. Down on the plateau
and rolling hills west of Kerikeri, a bright teal, mixed Th-U signal, mantles the underlying Th-
dominant valley slopes. These again are the transport limited interfluves and plateaus, while
the steeper valley slopes and valley floors have contrasting signals that reflect the varying

signal of the underlying basement rock.

In the Kaipara test area (Figure 8), the interfluves along the eastern side of the north Kaipara
Barrier are mantled by teal coloured Neogene sediments, while steep, weathering limited
valley slopes (lignite and mudstone) are contrasted with K-dominant (reddish/brown, mobile

beach sands) signals and lower gamma counts associated attenuation by valley floor peat
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deposits. The long west coast of the barrier is split into the K-dominant signal of the flatter,
active beach sands and mottled teal, Th-U mixed signal upslope on the dunes, associated
with older surfaces and associated cementation of fine windblown sands and silts. These

steep gradients in geomorphic setting are well correlated with radiometric signals.

Slope degrees
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Low: 0

Radiometric Ternary
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Figure 6. Ahipara test area comparison of radiometrics and DEM slope.
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Figure 7. Waipapa test area comparison of radiometrics and DEM slope.
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Figure 8. Kaipara test area comparison of radiometrics and DEM slope.
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2.3 DEM Slope Summary

The strong spatial correlation between topographic relief and radiometric signal reflect
spatial correlation between: (i) geological gradients that control primary parent material
texture and provenance, and; (i) associated geomorphic controls over the stability of

surfaces, attendant weathering and geomorphic surface age.

The most obvious relationships identified from combining DEM slope and radiometric imagery

include:

¢ Asfrong contrast between volcanic rocks and sedimentary sequences of the Northland

Allochthon, including exposure of basement rock along the east coast.

e Flat lying volcanic plateaus and associated mantling by aeolian sands along coastal
margins (especially the west coast) and localised tephras from rhyolitic and andesitic
eruptive centres. These areas are characterised by relatively low relief with minor
hydrological system interference. Generally dominated by Th and U signals (teals,

greens, blues).

e Valley slopes and gulches?, where fine material is removed during weathering events,
have regolith development limited by high fransport rates and regolith is generally thin

with bedrock outcropping in places.

e Valley floors are areas of sediment transfer, from the source slowly to a sink (often
coastal estuaries, river deltas or lakes). These areas are typified by a mottled radiometric
signal that reflects the bedrock provenance of sediments from upper catchments.
Differences between active river channels and inactive flood plains and terraces are

clearly delineated by slope and radiometric signal.

e Coastal plains, beaches and dunes are areas have a K-dominant signal from sand

deposition. Windblown fines bind Th and U in clays.

9 A narrow v-shaped valley which has been made by a stream flowing through it.
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3  Radiometrics and NZLRI Slope Class

In this section, we evaluate the relationships between the NZLRI slope class and radiometric
ternary image. For ease of comparison, a slope model is displayed underneath the

radiometric ternary image in all subsequent figures.

3.1 Description of data

Table 2: NZLRI slope class metadata.

Source New Zealand Land Resource Inventory, Landcare Research (updated
2012)
Type Polygon
Limitations
Links to text https://lris.scinfo.org.nz/document/162-Iris-data-dictionary-v3/
Comments Slope class
A 0-3° Flat to gently undulating Flats, terraces
B 4-7° Undulating Terraces and fans
C 8-15° Rolling Downlands, fans
D 16-20° Strongly rolling Downlands, Hill country
E 21-25° Moderately steep Hill Country
F  26-35° Steep Hill Country and steeplands
G >35° Very steep Steeplands, cliffs

3.2 Slope Class and Radiometric Signals

Slope class provides further constraint over the likely sediment erosion risk and serves to better
qualify gradients in weathering and transport limited settings. When combined with soil
hydrological properties, slope allows for a more accurate assessment of overland flow risk
and can better constrain landscape level controls over in-stream water quality (Pearson
2015a; Hughes et al. 2016).

Although sediment yields are broadly correlated with slope class (Snelder, 2015), sediment
derived from natural state settings cannot cause the rapid increase in sediment flux and
associated N, P and M export that has occurred since European colonisation of the region

(see section 9.1.1). Therefore, although important, slope class alone is unlikely to explain the
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spatial variation in stream clarity and other particle reactive water quality indicators such as

E. coli, ammoniacal N, organic N, TP or DRP.

In Northland, geomorphically controlled radiometric signals [Tanighua complex (steep),
alluvial plains (flat)] can be picked out in the slope class comparison. In areas of mixed slope
class, for example the dissected rolling hills between Ahipara Massif and the Maungataniwha

range (Fig. 9). there is less correlation with radiometric signals.

Slope

- Flat to gently undulating
- Undulating

Rolling
Strongly rolling
Moderately steep

- Steep
- Very steep

CI Town

Radiometric Ternary

Potassium
Thorium

Uranium

0 4 8 Km

Figure 9. Slope class from NZLRI and radiometric ternary at Ahipara.
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Figure 10. Slope class from NZLRI and radiometric ternary at Waipapa.
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Figure 11. Slope class from NZLRI and radiometric ternary at Kaipara.

3.3 Slope Class Summary

The regional-scale resolution of the geomorphic gradients governing erosion and
sedimentation stand to benefit the most from the radiometric survey. Specifically, Northland's
radiometric imagery appears to be providing a strongly resolved regional-scale picture of
the distribution and gradients of scale associated with weathering and transport limited

settings. Recognition of these geomorphic controls in conjunction with slope class is critical
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when attempting to explain ‘how’ and ‘why’ clarity, turbidity and suspended sediment

concentration vary between streams and stream reaches.

A number of authors (Wilford, 1995; Wilford et al., 1997; Pickup and Marks, 2000 and 2001;
Wilford, 2012 and references therein) noted that regional radiometric cover provided a
means to overcome the major obstacle of upscaling smaller field based studies to whole
regions. In areas without radiometric cover, the most critical obstacle to any regional
representation of the controls over erosion is the lack of ability to measure spatially
distributed, regional-scale sedimentation processes; making it difficult to produce a high-
resolution regional representation of sediment sources and sinks required for the verification
of model predictions. Based on our current evaluation, we agree with these findings and
suggest that the landscape conftrols over instream sediment concentration and load could
be improved through combining the Northland radiometric survey data with other regional
datasets such as DEM, LRI slope class, LRI erosion class and indigenous forest cover (see
Section 9 for Physiographic method). The sediment model, SedNetNZ, is also a powerful tool

to help better inform this work (Dymond et al., 2016).

4  Radiometrics and Geology

In this section, we evaluate the relationships between geology and radiometric signals by
comparing the radiometric GeoTIFF with available geological data. The GeoTiff is o
composite image of the three key radiometric signals, K, U and Th. The two data sources with

spatial geological data are QMAP and the NZLRI.

Resolution of geological gradients across the landscape is critfical for understanding
hydrological response, erodibility and redox dynamics that contribute to variation in water

quality outcomes across a region (Rissmann, 2011; Rissmann et al., 2016a).

4.1 Description of QMAP data

The QMAP Geology is a nationwide geological layer provided by GNS Science which holds
tabulated physical attribute data, such as rock type and age. The data is linked to mapped
unit boundaries (polygons), as such, each map unit contains data for numerous geological
attributes.

Table 3. QMAP metadata.
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Source QMAP (published 2012), GNS Science

Type Polygon

Limitations | Scale at 1:250,000

Links fo text | https://www.gns.cri.nz/research/ QMAP/metadata/kaitaia/metadata/QMAPKaita
iageopolshp-v1-0.html,

https://www.gns.cri.nz/research/ QMAP/metadata/whangarei/metadata/QMAP
whangareigeopolshp-v1-2.html,

https://www.gns.cri.nz/research/ QMAP/metadata/auckland/metadata/QMAPa
ucklandgeopolshp-v1-2.html

Comments | Layer scale at 1:250,000 but data is derived from finer scale mapping.

4.2 Comparison of radiometric signal with QMAP attributes

The QMAP attributes discussed in this section are stratigraphic age (STRAT_AGE), dominant
rock type (MAIN_ROCK), and a combined rock type and stratigraphic age (SIM_NAME).

4.2.1 Stratigraphic Age (STRAT_AGE)

Stratigraphic age or STRAT_AGE is the attribute within QM AP which uses a geological time
nomenclature for classification. Polygons are differentiated according to the geological
epoch (e.g. Holocene) and period (e.g. Quaternary) during which the rock formed or the
landform deposited. The Northland Allochthon, for example, was formed in stages over 100+
Ma and is comprised of multiple rock types of different ages. The landscape has thus been
subjected to varying tectonic, geomorphic and climatic settings and attendant weathering
durations and rates. In all instances, gradients in stratigraphic age are well correlated with

radiometric signals, reflecting the contrasting rock geochemistry.

Within the Ahipara test area (Figure 12) STRAT_AGE is well correlated with radiometric signals,
particularly, the boundaries are well matched suggesting geological control over
radiometric signals. Variation in stratigraphy is well matched to compositional changes,
notably the Taipa Mudstone (56 — 29 Ma) in the north east of the test area is younger than
the more extensive Punakitere Sandstone (95 - 75 Ma); both confribute sediment to the
Kaitaia plains via the Awanui River. The northern area of the Punakitere Sandstone which is
within the Awanui catchment has slight U-dominant (blue) signal compared to the southern
part which drains to the west. The Whangai Formation (100 - 61 Ma) mudstone and
micrite/chert outcrops within the more voluminous Punakitere Sandstone unit as a narrow,

arcuate band in the far southeast of the test area.
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In Waipapa (Figure 13) the dominant stratigraphy is that of the basement Waipapa Group
greywacke (270 - 154 Ma), upon which the Northland Allochthon (Punckitere sand- and
mud-stone and Taipa and Whangai mudstones) has been rafted. These resistant layers form
the steeper areas of the test area. The Waipapa Group is strongly incised and eroded,
especially in the area where the Waipapa River flows. This valley is a highly active tectonic
zone. Old sedimentary rocks are overlain by a large area of young (9.7 — 1.8 Ma) igneous
extrusives of the Kerikeri Group basalts and basanites. On the basis of a strong Th dominated
(teal blue) signature across the elevated, flat-lying sections of the basaltic plateau, we
suggest overprinting of the basalts by fluvial erosion (and/or ash) of small-scale rhyolitic
and/or andesitic eruptive centres northwest and west of Kerikeri, in the vicinity of the
Remuera Settlement and Ngawha. Where the plateau has been dissected and eroded, Th-
rich signals are absent and radiometric signals reflect that of the underlying basalts and/or
sedimentary sequences. The soils associated with these rhyolitic or andesitic ash deposits
exhibit allophanic properties including lower acidity and higher P-retention in subsoils (Mr Bob

Cathcart, pers. comm., 2017).

In Kaipara (Figure 14), the stratigraphy increases in age from southwest to northeast. Across
the Kaipara Barrier bar, age increases towards the east from the young and actively mobile
dune sands of the western shoreline of the Kaipara Barrier bar (Q1; 0.014 Ma max) through a
succession of Quaternary aged paleo shorelines and marine terraces (Q5 - Q7; 0.13 -0.07
Ma). Across the Kaipara Harbour, towards Hukatere, Arapaoa and beyond the Arapaoa
River towards Tanoa and Marohemo, stratigraphic age increases in response to outcropping
of the Okaroro Formation (20 — 18 Ma) and Puketi Formation volcanic breccias and farther
northwest to the melange of the Northland Allochthon (90.2 — 21.5 Ma). Further east,
stratigraphic age increases in response to outcropping of Mangakahia mudstone (95 — 53
Ma) and Punakitere Sandstone (95 - 75 Ma), both associated with the Northland Allochthon.
The Mahurangi Limestone (36 — 23 Ma) is locally important across the Okahukurua and

Puketotara peninsulas.
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Figure 13. Radiometrics ternary with Strat_Age at Waipapa test area.
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Figure 14. Radiometrics ternary with Strat_Age at Kaipara test area.

4.2.2 Dominant Rock Type (MAIN_ROCK)

The dominant rock type (attribute field: MAIN_ROCK) is defined on a volume basis (not
stratigraphic), from the GNS rock names list. Correlations between QMAP polygons and
radiometric signal are strong in areas of homogenous rock found in weathering limited
settings (Northland Allochthon).

At the Ahipara test site we see a strong correlation between mapped QMAP units and

gamma signals (Figure 15). The dark area in the middle of the radiometric ternary is the

Ahipara massif, a Tangihua Complex basalt unit that has high relief (identified in Figure 15

with red arrows). Basalts have naturally low gamma signal and are surrounded at lower

elevations by the Punakitere Sandstone, which show a higher gamma signal (lighter colour).

The recent wind-blown dunes on Tauroa Peninsula (identified by the blue arrow in Figure 15)

are notable for their high K gamma signal as is expected for sand-sized particles. The

Tangonge wetland (the dark area identified by the green arrow in Fig. 15), is not identified in

QMAP. Dark areas on the spit indicate attenuation of the signal by areas of elevated water

content, including swamps, and areas of dune lakes (Figure 15).

Across the Waipapa test area, the geology is more complex and radiometric signals show

finer granularity than afforded by the 1: 250,000 scale of QMAP (Figure 16). There is a general

correlation between QMAP polygons and areas of sedimentary rock, basalt rock (areas of

lower gamma signal — dark green/brown), rhyolite rock and andesite rock (strong aqua
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blue). The large area of strong aqua blue radiometric signals (U dominated) in Figure 16 likely
reflects the mantling of the flat lying areas (plateaus) of the older Kerikeri basalt rocks by
younger rhyolitic and/or andesitic ash from eruptive centres labelled W, X, Y, Z in Figure 15,
and subsequent weathering to form U and Th enriched clay minerals. Where the plateau has
been incised, a signal more consistent with the underlying Kerikeri basalt rocks is evident as

dark green and brown gamma signals.

Elevated K gamma signal (red/pink) pick out the sedimentary rocks (greywacke sandstones,
mudstones) and the brightest K signals are associated with intercalations of unconsolidated
mud and alluvium across the Waipapa test area. There appears to be considerable
misalignment between what is defined as Omahuta Sandstone and what is likely to be mafic

metavolcanics (see yellow line in Figure 16).

Across the Kaipara test area (Figure 17), radiometric signals pick out finer scale variation than
was infended to be provided by QMAP Main_Rock at 1:250,000. Here, the deep red of the
western barrier bar corresponds to the active sand flats and dune complexes, with a striking
linear contrast in gamma signal associated with a paleo-shoreline. Dune lakes and swamps
are characterised by areas of very low gamma signal (black), many of which are not
defined on QMAP. Eastwards, beyond the paleo-shoreline, K-rich beach sands are blown
across the barrier bar, with blue colours corresponding to more stable areas that are mantled
by finer textured and weathered aeolian sands, silts and clays. From an evaluation of
Northland's western coastline, the role of windblown sand, silt and clay sized particles in
mantling bedrock appears to be an important feature governing variation in radiometric

signals.

Along the eastern side of the barrier bar, QMAP picks out some, but not all of the finer scale
variability in gamma signal associated with unconsolidated mud and peat valley floor
deposits. Beyond the Kaipara Barrier bar, the westward facing slopes of the Hukutere area
show a blue U-rich signal which may relate to weathering of underlying andesitic rocks and
Okaroro Formation sandstones (see section 4.2.1). Further inland, away from the aeolian
influence of the western coast line, the radiometric signals are well correlated with the
sedimentary rocks of the Northland Allochthon and Mangakahia Complex. Green Th
signatures are associated with limestones and hyaloclastite breccias of the Hukatere

Subgroup.
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Figure 15. Dominant rock type from QMAP and radiometric ternary at Ahipara.
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Figure 16. Dominant rock type from QMAP and radiometric ternary at Waipapa.
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Figure 17. Dominant rock type from QMAP and radiometric ternary at Kaipara. Red arrows denote K-
rich beach sands and beach sand derived sediments and blue arrows denote mantling by aeolian silt
and clay.

4.2.3 Dominant Rock Type and Geological Age (SIM_NAME)

The attribute field SIM_NAME is a simplification of the dominant rock type (MAIN_ROCK) and
stratigraphic age (STRAT_AGE), which divides the map units info basic geology according fo
age. Where stratigraphic age corresponds to the age of the rock or sediment, not the age of
the landform. Areas where rock type and age coincide tend to be associated with

depositional landforms (e.g. alluvial or colluvial valley infill). These areas of the landscape are

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |35

predominantly ‘transport limited’, where the heterogeneity of radiometric signatures is best
explained by weathering processes and associated soil pedogenic controls over hydrology
(e.g. soil drainage class). For areas of erosive bedrock, the age of the rock is commonly very
old whereas the geomorphic surfaces are young (Figure 18 and 19). Again, gamma signals
from ‘weathering limited’ landforms tend to be more uniform and primarily reflective of the

geochemistry of the rock type.

Across the Ahipapra test area (Figure 18), allocthonous rocks of Cretaceous to Paleocene
age are well discriminated by the QMAP SIM_NAME. In particular, the low-lying Punakitere
Sandstone of the Northland Allochthon is sharply contrasted against the darker signals of the
Tangihua Complex basalts that make up the most prominent, high-relief features of the area.
Early to late Pleistocene sediments are also reasonably well correlated with K-rich gamma
signals across recent floodplains, including those of the Awanui River. In the northeast of the

Ahipara test area, the Taipa Mudstone unit is well contrasted with the Punakitere Sandstone.

Across the Waipapa test area (Figure 19), the QMAP SIM_NAME classification is slightly better
aligned with the gamma signal data, relative to the MAIN_ROCK classification. As with the
Ahipapra test areq, it is evident that the radiometric imagery could aid finer-scale resolution
of the geological mapping in the area. For example, the igneous basement rocks (dark red
in Fig. 19a) and the Pleistocene and Holocene river deposits (pink and red signals) are
sharply resolved in the gamma signal image. The influence of rhyolitic rocks and associated
weathering of rhyolite ash (bright aqua blue = U + Th rich in Figure 19) is not well defined as

discussed above (preceding section).

For the Kaipara test area (Figure 20), the QMAP SIM_NAME category correlates reasonably

well with radiometric signals, with finer resolution afforded by radiometric imagery.

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Rock type and geological age

Hill Slope Deposits
" Pleistocene - Holocene
Sedimentary Rocks
B Neogene
Windblown Deposits
Holocene
Early Pleistocene - Middle Pleistocene
[ Early Pleistocene
Estuary, p, and River Dep
B | ate Pleistocene - Holocene
B Early Pleistocene - Middle Pleistocene
Allocthonous Rocks
Permian to Paleocene

= Town

e
Wi
ST

Radiometric Ternary

- Potassium
- Thorium
- Uranium

0 4 8 Km

Figure 18. Rock type and age from QMAP and radiometric ternary at Ahipara.
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Figure 19. Rock type and age from QMAP and radiometric ternary at Waipapa.
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Figure 20. Rock type and age from QMAP and radiometric ternary at Kaipara. The blue arrows denote
mantling by windblown silt and clay and red arrows show areas with K-rich sand.
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4.3 Description of NZLRI data

The NZLRI is a national database of physical land resource information, held by Landcare
Research, in which data concerning the physical properties of the land surface (rock type,
soil type, slope, present type and severity of erosion and vegetation) are linked to polygonal
map units. The NZLRI was compiled from decades of soil, geological, slope, vegetation and
erosion surveys (1st ed. 1975-79, 2nd ed. 1985-1990; Harmsworth, 1996). The purpose for the
NZLRI was to characterise the land features to produce a land use capability classification for
primary production; this results in the data collected being weighted towards those areas
that are more readily accessible and useful for land development. Importantly, this may limit
the accuracy of the LRI across areas of steep rock outcrop and areas of extensive
indigenous vegetative cover that have limited land use potential or activity. This layer uses a
break-out trigger of a single point of difference to define unit boundaries, e.g. two

boundaries might share similar rock type but have different erosion class.

Table 4. NZLRI metadata.

Source New Zealand Land Resource Inventory, Landcare Research (updated
2012)

Type Polygon

Limitations Limited geological information. Not all data has been field mapped,

geared towards land use productivity, different classification systems
were used during mapping in some regions

Links to text https://lIris.scinfo.org.nz/document/162-Iris-data-dictionary-v3/

Comments Original field work carried out in the late 70’s, 80's and 90's. The NZLRI
was updated in 2012. Methodology deriving for attribute classes
involved qualitative and quantitative analysis of data.

4.4 Comparison of Radiometric signal with NZLRI atftributes

To assess the NZLRI geology data we dissolved polygons that shared attributes for Rock2 and
Erosion class to improve visualisation of the relationship with radiometric signals and ease of

use.
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4.4.1 Near-surface lithology (LRI Rock?2)

The NZLRI contains geological information for the polygons (attribute field: LRI Rock2) at the
1:50,000 scale, providing a more resolved representation of regional geology for Northland.
The short code format of the data can be elaborated using the LRIS data dictionary

(Newsome et al., 2008) and additional weathering qualifiers improve the utility of the data.

An advantage of LRI Rock 2 compared to QMAP is the addition of unconsolidated classes,
which allows for the differentiation of unconsolidated silt, clay, sands, gravels and peats in
addition to the degree of weathering and bedding of sediments (Figures 21, 22 and 23). This
extra resolution is important when attempting to better understand landscape gradients that

govern water quality variation including sediment concentration and flux.

Across the Ahipapra test area, the LRI Rock2 layer and radiometric signals are slightly more
resolved, reflecting the finer scale (1: 50,000) of this mapping relative to QMAP (1:250,000).
Similarly, across both the Waipapa and Kaipara test areas, the LRI Rock2 layer provides some
additional resolution over finer-scale variation in radiometric signals. In particular, Rock?2
appears to do a better job at resolving larger scale Quaternary floodplains and alluvial

deposits and smaller scale exirusive rocks.

Although, as noted above, there is some inconsistency between QMAP and Rock?2.
Specifically, some significant variation in the provenance of geological units assigned by
each layer. For example, within the Kaipara test area, the western slopes of the Hukutere and
Tenopai areas are mapped as volcanic rock by Rock2 and as sedimentary rock by QMAP;
across the Waipapa area, rhyolitic eruptive centres are designated as sedimentary rock by

Rock2. The inconsistency between these layers can be resolved by field mapping.

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Geology
Igneous Rocks

- Ancient volcanics

Plutonics

Sedimentary Rocks

- Sandstone
- Mudstone
- Limestone

Argillite
Crushed argillite

Unconsolidated

: Sands and gravels

Windblown sand

Unconsolidated clays and silts

.

Z///// Weathered
Bedded

Cl Town

Radiometric Ternary

- Potassium
- Thorium
- Uranium

0 4 8 Km

Figure 21. Rock type and transformation (LRI Rock2) and radiometric ternary at Ahipara.
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Figure 22. Rock type and transformation (LRI Rock2) and radiometric ternary at Waipapa.
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Figure 23. Rock type (Rock2) from NZLRI and radiometric Ternary Kaipara.

4.5 Geology Summary - NZLRI and QMAP

The challenges to geological mapping in the Northland region are thoroughly discussed in
the QMAP map texts for Kaitaia, Whangarei and Auckland (Isaac 1996; Edbrooke 20071;

Edbrooke and Brook 2009). The regions were mapped by mulfiple geologists, over several

decades, and at varying scales. When GNS compiled the maps info a natfional dataset, they

had to use the largest scale to achieve complete coverage. There are areas of Northland

that were mapped at finer scales, and during the update of the NZLRI in 2012, this data was

simplified and included as an attribute (Rock 2) of the near surface lithology.
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When Rock?2 is overlaid on QMAP, the rock types and boundaries do not always align. Often
polygons map similar features, but as noted above, there is some variability. Discrepancies
were partially resolved when the authors dissolved adjoining NZLRI polygons that share Rock2
aftributes and further work could be done by using the radiometrics to aid in the refinement

of geological mapping.

The overall broad-scale relationship between radiometric signals and mapped geology is
very good at the 1: 250,000 scale, with the fine-scale Rock?2 (1:50,000) providing refinement of
smaller scale features. In addition to a finer scale, Rock?2 layer adds additional resolution
relevant to water quality through discriminating between consolidated and unconsolidated
materials, weathered deposits and bedded deposits. In conjunction with QMAP, the Rock2
layer appears well suited for physiographic mapping of landscape level controls over water

quality for moderate to larger scale drainage basins (i.e. c. >8 km?2).

5 Radiometrics and Soils

In this section, we evaluate the relationship between radiometric signals and soil attribute
data relevant to physiographic mapping. Where soil data provides additional constraint over
variation in radiometric signals within the broader scale geological polygons and associated

weathering and transport limited settings.

There are two data sources with spatial soil data, New Zealand Land Resource Inventory
(NZLRI) and the Fundamental Soil Layer (FSL). The FSL is a derived product from NZLRI but also
contains an extended soil attribute table, a legacy of soil bureau surveys. This assessment

used the FSL and its extended attribute table for comparison with radiometric imagery.

Again, for the sake of clarity, we note that in fransport limited settings (predominantly low
land), the variability in radiometric signals is larger than in areas of steep rock outcrop
(‘weathering limited’). This heterogeneity is governed by variation in soil forming factors, and
in particular, topographic geomorphic gradients that influence the spatial distribution of soil
forming factors such as degree of weathering (soil age), parent material, texture/structural

compaction, drainage classes and soil permeability.

Confidence in the spatial distribution of soil hydrological gradients is critical for understanding
the integrated landscape controls over water quality outcomes (Rissmann et al., 2016).

Therefore, radiometric signals when evaluated in conjunction with mapped soil attributes
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provide an important platform for evaluating the resolution of soil hydrological attributes from

the NZLRI and derived products such as the FSL for physiographic mapping.

5.1 Description of FSL data

The FSL is a national-scale soils layer provided by Landcare Research which holds tabulated

physical attribute data, such as soil texture, permeability, drainage class, and a range of soil

chemistry attributes such as pH and organic carbon. The data is linked to mapped unit

boundaries (polygons), as such each map unit contains data for numerous soil attributes.

Table 5. Fundamental Soils Layer metadata.

Source Fundamental Soil Layer (FSL), Landcare Research
Type Polygon
Limitations Derived product of NZLRI — focus on agriculturally productive areas

Links to text

https://data.mfe.govt.nz/layer/2766-fundamental-soil-layers-new-
zealand-soil-classification/

Comments

Soil texture

Soil texture classes have been simplified to clay, silt, sand for the
purposes of comparison with radiometric ternary.

Drainage

In NZLRI, Drainage class 1 and 2 are well drained, 3- moderately drained;
4- imperfect; 5- imperfect to poor; 6- poor; 7- very poor. N.B. in areas of
cracking soils or those with significant macro-pore development
drainage class may not be a good reflection of risk to water quality, due
fo high rates of matrix bypass.

In FSL, the nomenclature for drainage class is in reverse order from the
NZLRI, but based on the same factors (soil depth and duration of water
tables). Drainage class 1- very poor; 2- poor; 3-imperfect; 4-moderately-
well drained; 5-well drained.

Permeability

Permeability of each horizon is classified info permeability classes that
are based on saturated hydraulic conductivity values of: Slow (§)
<dmm/hr; Moderate (M) 4-72mm/hr; Rapid (R) >72mm/hr.

Depth to slowly permeable horizon (DSLO)

Depth to a slowly permeable horizon describes the minimum and
maximum depths (in metres) to a horizon in which the permeability is less
than 4mm/hr as measured by techniques outlined in Griffiths (1985). If no
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slowly permeable horizon is observed, the taxon is allocated to Class 6
and a null value with numeric code -.99 is entered into the data fields.
These classes, described more fully in Webb and Wilson (1995), are as
follows:

In DSLO each class has a minimum and maximum depth (m below
ground level):

1.0-0.44m, 2.0.45-0.59m, 3. 0.6 -0.89 m, 4.0.9-1.19m, 5. 1.2-1.49 m, 6.
-0.99m

5.2 Comparison of radiometric signal with FSL attributes

Soils are the primary interception surface for precipitation and the medium upon which all
land use activities are undertaken. Soil hydrological properties are often the primary confrol
over surface and ground water redox signatfures (Killick et al., 2015; Rissmann et al., 2016). Soil
hydrological properties also influence the net export of water from a recharge domain (e.g.
hill country) and in conjunction with hydrological connectivity, of both the surface and
shallow ground water network, influence recharge mechanism, and at a finer scale, the
pathway water takes across the landscape (i.e. deep drainage to an aquifer, lateral soil flow

(matrix and artificial) and overland flow).

Soil parent material and degree of weathering also strongly influence properties such as the
abundance and type of clay minerals that drive soil hydrological gradients and the
chemical and pedological characteristics of soils such as P-retentfion (anion exchange), pH,
CEC, organic carbon content and the propensity for soils to crack in response o soil moisture
deficit (Montagne et al., 2009; Bockheim and Hartemink, 2013; Rissmann et al., 2016 TC3; and

references therein)10.

A strong understanding of the landscape level controls over the gradients in water quality
specific soil attributes is key to application of the physiographic approach to Northland -
where the degree of weathering (age), parent material and topographic position in the
landscape are considered the key controls governing spatial variation in soil hydrological

properties.

10 Primarry soil texture, primary parent material composition and subsequent weathering to form
authigenic clay minerals (both poorly order and structured) are recognised as key conftrols over soil
hydrological properties (Montagne et al., 2009; Bockheim and Hartemink, 2013 and references therein).
Where soils formed in limestones, and mafic to ultra-mafic parent materials produce expansive clays
that desiccate and crack in response o soil moisture deficit. Cracking soils exhibit temporally variable
soil hydraulic properties that exert an important control over hydrological response and hence water
quality outcomes (Rissmann et al., 2016a; Beyer et al., 2016a). Whereas soils formed in felsic parent
materials tend to produce non-expansive clays such as illite and kaolinite that do not crack. Over time,
expansive clays may weather fo non-expansive forms (kaolinite) and if the climate is favourable to
oxisols.
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In the following section, we evaluate the spatial relationship between NZLRI and FSL soil
attribute information and radiometric imagery. This section includes an evaluation of the
geomorphic conftrols over soil permeability, depth to a slowly permeable horizon (DSLO) and

soil drainage class.

5.2.1 Soil texture (SOIL TYPE)

Across Northland, fine textured soils (clay and silt loam) account for 68% of the region with

only 12% classified as coarse textured. Of the coarse textured soils, NZLRI mapping associates
the maijority with areas of rock outcrop and steep slopes, whereas fine textured soils are most
common across areas of valley infill and across elevated parts of the landscape that are flat
lying (Harmsworth, 1996). The attribute field 'SOIL TYPE' differentiates soil by textural class and

is based on the regional soil series grouping approach (Figures 24, 25 and 26).

Across all three test areas, a lack of constraint associated with soil thickness, drainage class
and permeability limit the usefulness of the Soil Type, on its own, as an attribute for assessing
soil hydrological gradients. Specifically, although mapped as clay and clay loam, the
radiometric signals across the inland Tangihua Complex volcanic rocks, appear to primarily
reflect the geochemistry of the underlying basement rock which is consistent with relatively
thin soil development and moderately well drained soils typical of weathering limited
landforms. Windblown beach sands show up as deep red gamma signals and do not
appear to be well defined by the LRI textural class across parts of the western coastline of
the Ahipara test area (Figure 24). Peat and sandy peat loams are well picked out by both
the LRI textural class and the low gamma values of the Tangonge swamp. However, on its
own, soil texture as an attribute is too broad for the discrimination of finer scale geomorphic
gradients in soil hydrological properties and/or soil mineralogy, except where there are areas

with sand textural classes, which correlate with K-rich (pink) gamma signals.

Across the Kaipara test areaq, there are steeper gradients in geomorphic setting (weathering
versus transport limited) that are correlated with steeper gradients in soil texture and
aftendant radiometric signals (Figure 26). Specifically, across the northern barrier bar of the
Kaipara Harbour, aeolian deposition appears to control soil textural class. Here, areas of
mobile beach sand correlate with K-rich gamma signals. Significantly, soil textural class fines
with distance from the coast, as coarse sand is winnowed out from the fine sand-, silt- and
clay-sized particles. Soil textural class does pick out peat deposits in low lying valleys, but
there is a large area without textural class data, for which radiometric signals could be used

fo improve resolution.
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Figure 24. Soil texture from FSL and radiometric ternary at Ahipara.
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Figure 25. Soil texture from FSL and radiometric ternary at Waipapa.
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Figure 26. Soil texture from FSL and radiometric ternary at Kaipara.

5.2.2 Soil permeability (PERMEABILITY)

Overall, there is a clear broad scale correlation between soil permeability (as defined by
saturated hydraulic conductivity) and gamma signal across all test areas (Figures 27, 28 and
29). More specifically, an evaluation of radiometric signals, landform relationships and LRI soil
permeability class indicates a strong spatial correlation between primary parent material
texture (i.e., clay, silt and sand grain size) and provenance and geomorphic setting. For
example, permeability is typically higher across weathering limited landscapes, where
coarser textured soils and steeper slopes enhance water infilfration and percolation.
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Conversely, an abundance of finer textured and deeper soils, across flat lying fransport

limited settings, are associated with slower infilfration and permeability.

The LRI permeability class layer also appears well defined by finer scale geomorphic
gradients. For example, finer scale gradients in radiometric signals at 1st and 2nd order
drainage basin levels are associated with intercalations of more permeable beach sands
within the lower lying and seaward facing valleys of the eastern Ahipara Gumfields Historic
Reserve (Figure 27). At higher elevations, across flat lying areas, a mantle of cemented sand,
silt and clay occur as deep blue radiometric signals and are associated with slowly
permeable soils. Side slopes within these drainage basins are steep and the radiometric
signals are most consistent with the geochemistry of the bedrock (Tangihua Complex basalt

rocks).

Across the broader Waipapa test area (Figure 28), soil permeability shows a strong
correlation with geomorphic setting and primary parent material provenance and texture.
For example, permeability is lower for areas of mudstone (Moderate over Slow) and mixed
sand and mudstone (Punakitere Sandstone; Moderate over Slow) relative to sandstones
(stony phase of Omahuta Sandstone sandstone and siltstone rocks; Moderate). Soils formed
from volcanic parent material are also more permeable (Moderate). For example, across the
eastern portion of the test area aqua blue radiometric signals are correlated with
moderately permeable soils formed in rhyolitic and/or andesitic ash that mantles the Kerikeri
Volcanic Group basaltic rocks. Where these deposits have been eroded, the radiometric
signal is more consistent with that of the underlying basalts, but soils still exhibit moderate

permeability.

Conversely, soils formed in sedimentary rock, especially mudstones and some sandstones
with a high mud content, are slowly permeable. For example, soils associated with the
Punakitere Sandstone show a greater proportion of moderate over slowly permeable soils.
Whereas soils associated with the Omahuta Sandstone, sand- and siltstone rocks (white
gamma) in the northwest of the Waipapa test area are dominated by moderately
permeable soils. The floodplain of the Waihou Valley is characterised by more rapidly
permeable, sandy soils as is also reflected in the K-rich gamma signal, which shows an
association with the Omahuta Sandstone. The evident relationship between rock texture and
soil permeability is consistent with the role primary parent material fexture and mineralogy
plays over ensuing clay development (Parfitt and Wilson 1985; Daniels and Hammer 1992;
Beerten et al. 2012; Bockheim and Hartemink 2013; Dixon, 2015).

Across the Kaipara test area (Figure 29) there is a clear correlation between radiometric
signals and LRI soil permeability class, again reflecting the role of both geomorphic gradients
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and primary soil parent material texture and provenance over soil bulk density, porosity and
potentially soil moisture content, at the time of the survey. For example, across the Kaipara
Barrier bar, aeolian deposition appears to control soil permeability, with rapidly permeable
soils correlated with windblown sand (K-rich signal = red) and areas of moderate
permeability correlated with cemented fine-, silty- and clay-sized aeolian deposits (aqua
blue signal; Figure 29). Here, the western paleo-shoreline demarcates a transition from young,
K-rich beach sands with an increasing proportion of finer aeolian sand, silt and clay (U- + Th-

rich) of lower permeability towards the eastern side of the barrier bar (aqua blue colour).

At a finer scale, radiometric signals indicate a pattern of highly permeable beach sands (K-
rich gammal) at valley heads with a transition through to low total counts at lower elevations
in response to poor internal drainage and/or elevated water tables and the development of
valley floor peat deposits. At this fine scale, the LRI soil permeability class is somewhat limited.
However, the broader relationship between soil permeability and radiometric signals could
be used to refine soil permeability gradients across the Kaipapra Barrier bar. Beyond the
Kaipara Barrier bar, the westward facing slopes of the Hukutere area show a blue U-rich
signal which may relate to soil formation in volcanic rocks. Here, soil permeability is moderate
and transitions to moderate over slow, and slow towards the north and northeast, in response
to a shift from volcanic rocks to mudstones of the Northland Allochthon. This gradient in soil

permeability is well defined by radiometric signals.
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Figure 27. Permeability class from FSL and radiometric ternary at Ahipara. The grey rectangle outlining
some of the areas with finer scale variation in landscape properties that do not appear to be well
represented by the LRI. Red arrows in the radiometric ternary image denote intercalations of K-rich
dune sand that has been blown along low lying valleys, which are not reflected in the LRI mapping.
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Figure 28. Permeability class from FSL and radiometric ternary at Waipapa.
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Figure 29. Permeability class from FSL and radiometric ternary at Kaipara. The grey rectangle outlining
some of the areas with finer scale variation in landscape properties that appear to be better
represented by the radiometric data.
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5.2.3 Depth to Slowly Permeable Horizon (DSLO_CLASS)

An evaluation of the LRI DSLO class and radiometric imagery is suggestive of a similar set of
controls to that governing soil permeability (Error! Reference source not found. 31, & 32).
Namely, geomorphic gradients in the landscape and primary parent material textures
appear to govern the spatial distribution of DSLO. Geomorphic surface age is likely

important, but was not a focus, of QMAP.

DSLO tends to be shallower, <0.60 — 0.89 m, across areas characterised as fransport limited,
where the regolith is predominantly fine textured and deeply weathered [up fo 30 min
places; here allochthonous and authigenic weathering drives the translocation of clay
minerals to depth resulting in the formation of slowly permeable subsoils at relatively shallow
levels (Bockheim and Hartemink, 2013 and references therein)]. Across weathering limited
areas, the DSLO is typically deeper, e.g. across the inland Ahipara massif (Figure 30) and the
Maungataniwha Range the DSLO is listed at 1.2 to 1.49 metres below ground level (m bgl). In
these weathering limited seftings, the DSLO is interpreted as delimiting the contact between
the soil and underlying basement rock, with many soils across areas of uplift classified as
being moderately to well drained. Here, the combination of thin and better drained soils
results in radiometric signals that are generally consistent with the underlying geochemistry of
the parent rock. As with soil permeability class, there is also a general association between
primary parent material texture and DSLO. Specifically, DSLO is shallower for areas of

mudstone and mixed sand and mudstone (Punakitere Sandstone) relative to sandstones.

Despite the broadly consistent correlation between soil DSLO and weathering vs. fransport
limited settings, it is apparent that there is considerable finer scale variation in radiometric
signals across all the test areas. Here, the LRI permeability class layer is well defined by finer
scale geomorphic gradients and attendant radiometric signal variation. For example, finer
scale gradients in radiometric signals at 1st and 2nd order drainage basin levels are
associated with intercalations of more permeable beach sands within the lower lying and
seaward facing valleys of the eastern Ahipara Gumfields Historic Reserve (Figure 30). DSLO is
deep across areas of mobile dune sands (K-rich) and areas of windblown sand within the
lower lying and seaward facing valleys. At higher elevations, across flat-lying areas,
cementation of a mantle of windblown fine sand, silt and clay is reflected in the deep blue
radiometric signals and are associated with the shallowest DSLO class (e.g. 0.00 — 0.44 m bgl).
Side slopes within these drainage basins are steep with radiometric signals most consistent
with the geochemistry of the bedrock and (Tangihua Complex basalt rocks) and a DSLO of
0.9 - 1.19 m. Deeper DSLO (1.2 -1.49 m) occur in association with modern-day floodplains

and K-rich signals associated with alluvial sands.
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Across the broader Waipapa test area (Figure 31), DSLO class again shows a strong
correlation between geomorphic setting and primary parent material provenance and
texture, where primary parent material provenance and texture appear to be the most
important control. For example, DSLO is shallower for areas of mudstone (class 2) and mixed
sand and mudstone (Punakitere Sandstone; class 3) relative to sandstones (class 4 and 5:
Omahuta Sandstone sandstone and siltstone rocks). Soils formed from volcanic parent
materials are also better drained and associated with a deeper DSLO class (e.g., class 4 and
5). For example, across the eastern portion of the test area aqua blue radiometric signals are
correlated with well drained soils formed in rhyolitic and/or andesitic ash that mantles the
Kerikeri Volcanic Group basaltic rocks and deeper DSLO (i.e., class 5 or 1.2 -1.49 m). Where
these deposits have been eroded, the radiometric signal is more consistent with that of the

underlying basalts and are also moderately well drained with a DSLO class of 5 or 1.2 -1.49 m.

Across the Kaipara Barrier bar (Figure 32), areas of deeper DSLO (class 5) are correlated with
windblown sand and areas of shallower DSLO are correlated with silt- and clay-sized aeolian
deposits that mantle higher altitude areas (Class 2). Radiometric signals suggest some of the
western margin of the Kaipara Barrier bar may be partially cemented (blue colour) and may
have a shallower DSLO than assigned by the LRI. To the northeast, across the Hukutere and
Tenopai areas, Whatoro and Rangiuru soils formed in volcanically derived materials (blue
radiometric signature) are better drained and characterised by deeper DSLO class (i.e.,
classes 4 and 5). Further northeast, the transition from volcanic to allochthonous mud- and
mixed mud- and sand-stones is correlated with a reduction in soil permeability, DSLO class
(i.e.. 3-1) and radiometric signatures. Areas of melange and limestone are also correlated

with less permeable soils and shallower DSLO class (i.e., class 1 - 3).
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Figure 30. Depth to a slowly permeable horizon at Ahipara. The grey rectangle outlining some of the
areas with finer-scale variation in landscape properties that do not appear to be well represented by
the LRI. Red arrows in the radiometric ternary image denote intercalations of K-rich dune sand that has
been blown along low lying valleys, which are not reflected in the LRI mapping.
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Figure 31. Depth to a slowly permeable horizon at Waipapa.
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Figure 32. Depth to a slowly permeable horizon at Kaipara.

5.2.4 Soil drainage (DRAIN_CLAS)

Soil drainage class is based on the occurrence of redox segregations (mottling) and low
chroma colours indicative of waterlogging and reduction within specific soil horizons.
Drainage classes used here are the same as those used in the New Zealand Soil Classification
(Hewitt 1993) and outlined by Milne et al. (1995). Across Northland, the proportion of well
drained soils is small, 18.7%, with most of the soils classified as poorly (35.7 %) or moderately
well (45.6 %) drained.
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Across the Ahipara test area (Figure 33) soil drainage class and radiometric signals are well
correlated with altitude, relative relief and soil parent materials. Specifically, soils are
moderately and well drained (LRI class 4 and 5) across the steeper slopes of the Tangihua
Complex basalt rocks. Across the volcanic plateau of the Ahipara Gumfields Scenic Reserve,
cementation of a mantle of aeolian sand, silt and clay (deep blue radiometric signal) is
correlated with poorly drained soils (class 1). At lower altitudes, across the broader area of
Punakitere Sandstone (with sandstone rocks and subordinate mudstone rocks), the soils are
dominantly poorly to imperfectly drained (classes 2 and 3). Small areas of moderately well
drained (class 4) soils are associated with areas of greater relative relief. Modern day river
channels and proximal floodplains are characterised by a range of drainage classes

characterised by poorly to moderately drained soils.

Across the coastal plains west of Kaitaia, Karioitahi Group sandstone, peat and mudstone of
Quaternary Q4 - Q1 age, exhibit a strong geomorphic control over soil drainage class
gradients. Specifically, well drained soils (class 5) are associated with the mobile dune sands
of the western coastline. Behind the western dune field, the Tangonge Wetland is associated
with poorly drained peat soils (class 1). Further west, towards Kaitaia, soil drainage class
increases with altitude and in response to outcrops of Punakitere Sandstone and Taipa
Mudstone rocks. This west-north gradient in soil drainage class is also correlated with soil

permeability and DSLO and is well expressed by radiometric signals.

Across the broader Waipapa test area (Figure 34), soil drainage class again shows a strong
correlation between geomorphic setting and primary parent material provenance and
texture. Specifically, primary parent material provenance and texture appear to be the most
important control over spatial gradients in soil drainage class. For example, soils formed in
rhyolitic and/or andesitic ash that overly Kerikeri Volcanic Group basaltic rocks are
dominantly well drained (class 5). Whereas soils formed in mudstones and some sandstones
with a high mud content (Punakitere Sandstone) are imperfectly to poorly drained (class 3 —
2). In the northwest of the Waipapa test area, stony soils associated with the Omahuta
Sandstone sandstone and siltstone rocks (white gamma) are dominantly well drained. The
evident relationship between rock texture and soil permeability is consistent with the role
primary parent material texture and mineralogy play over ensuing clay development (Parfitt
& Wilson 1985; Daniels and Hammer 1992; Beerten et al. 2012; Bockheim and Hartemink 2013;
Dixon, 2015) and is spatially well correlated with radiometric signals. The floodplain of the
Waihou Valley is characterised by moderately well drained, sandy soils with radiometric

signals that correlate with the Omahuta Sandstone.

Evaluation of geospatial datasets and recognition of landscape gradients specific to water quality
17035



Page |62

Across the Kaipara Barrier bar (Figure 35), areas of well drained soils (class 5) are correlated
with windblown sand and areas of imperfect to poorly drained soils are correlated with silt-
and clay- sized aeolian deposits that mantle higher altitude areas (Classes 2 and 3).
Radiometric signals suggest some of the western margin of the Kaipara Barrier bar may be
partially cemented (blue colour) and may have less well drained soils than assigned by the
LRI.

Due to the small size (<8 km?2) of the drainage basins of the Kaipara Barrier bar poorly drained
valley-floor peat deposits are not well defined at the scale of the LRI. Specifically, across
valley heads and incised valleys there is no drainage class data listed by the LRI, yet the
Rock?2 layer identifies these areas as valley fill, including peat. These areas are characterised
by a pattern of K-rich beach sands at the valley head which fransitions through to low total
counts at lower elevations in response to poor internal drainage and/or elevated water

tables and associated valley-floor peat deposits (Figure 35).

To the northeast, across the Hukutere and Tenopai areas, Whatoro and Rangiuru soils formed
in volcanically derived materials (blue radiometric signature) are imperfectly to moderately
well drained (i.e., classes 4 and 5). Further northeast, the transition from volcanic to
allochthonous mud- and mixed mud- and sand-stone is correlated with a reduction in soil
drainage class (poorly drained, class 2) and radiometric signatures. Areas of melange and

limestone are associated with imperfect drainage (class 3).
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Figure 33. Drainage class from FSL and radiometric ternary at Ahipara.
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Figure 34. Drainage class from FSL and radiometric ternary at Waipapa.
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Figure 35. Drainage class from FSL and radiometric ternary at Kaipara.

5.3 FSL Summary

Assessment of the geomorphic and geological relationships governing gradients in soil
hydrology across the three test areas were supported by radiometric data. From these three
areas, it is apparent that primary parent material texture and provenance exerts a major
control over gradients in soil drainage class. Geomorphic setting and weathering versus

transport limited areas also influences the soil hydrological gradients in a predictable fashion.
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With regards to primary parent materials, soil permeability, DSLO and drainage class
deteriorate across the volcanic > sandstone > mixed sand/mudstone > mud- and lime-stone
continuum. This observation is consistent with the understanding of soil parent material
controls over primary soil texture, mineralogy and subsequent soil structural evolution (Parfitt
and Wilson 1985; Daniels and Hammer 1992; Beerten et al. 2012; Bockheim and Hartemink
2013; Dixon, 2015). It is also important to note that the steepest and most elevated slopes
across each test area are also associated with volcanic rocks, mainly basalts, which also

favour the development of ‘good soil structure’ and associated soil drainage properties.

Overall, the landscape conftrols over gradients in soil permeability, DSLO and drainage class
are very similar, outlining the dominant role of primary parent material texture and
provenance, but also geomorphic setting over soil hydrological properties. This evaluation
suggests that the soil hydrological attributes of the LRI are well suited to moderate- and
large-scale drainage basins, ¢. >8 km2, but for smaller scale drainage basins, radiometric
signals provide finer scale resolution. If finer-scale resolution of small scale drainage basins is
considered important, radiometric imagery could be used to improve the continuity and

resolution of soil hydrological gradients across these areas.

6  LINZ Swamps Attribute Layer

LINZ swamp data is derived from the Topo50 map series. The Topo50 map series provides
topographic mapping for the New Zealand mainland and Chatham Islands at 1:50,000

scale.

6.1 Description of data

Table é: LINZ Swamp Layer metadata.

Source LINZ

Type Vector Polygon

Limitations None

Links to text https://data.linz.govt.nz/layer/193-nz-swamp-polygons-topo-
1250k/metadata/

Comments -
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Swamps (also known as wetlands) with low inorganic sediment content emit little gamma
radiation. Low gamma signal when combined with higher rates of attenuation by water
equate to very low gamma counts and show up as black areas in radiometric imagery.
There is also a strong correlation between swamps and wetland lakes [dark colours bound by
yellow and blue polygon outlines (Figures 36, 37 and 38)] and attenuated radiometric signal.
For these reasons, radiometric surveys are used to map or ground-truth wetland areas (Dent
et al., 2013; Beamish, 2015). Swamps are important sites for denitrification but may also exhibit
elevated P and E. coli levels associated with intensive land use (Rissmann et al., 2012 and
references therein). As such, they are important landscape features for the mapping of

landscape controls over water quality.

In Southland, radiometric signals and previously mapped swamps are strongly correlated,
however, it is apparent that since mapping of the swamps, the extent of the wetlands has
been significantly reduced due to drainage and encroachment (Ewans, 2015). That is, the
extent of current day wetlands as displayed by radiometric signals is almost invariably smaller
than the original polygons mapped in the 1980’s and 1990’s for areas of intensive land use.

The same encroachment pattern is not evident in areas of natural state cover.

Within the Ahipara test area, the dominant wetland area is the historic Lake Tangonge west
of Kaitaia (Figure 36). This area has been drained via three large central drainage channels
to make way for agricultural land use. An attenuated radiometric signal indicates a larger
area of organic soils associated with the historic Lake Tangonge that are not mapped by the
LRI. Within the western coastal dunes of the north Kaipara Barrier there are several smaller
scale dune lakes and swamps not mapped by LINZ. These areas are thought to be hosted by

less permeable layers within the windblown sand dunes.

Across the Waipapa test area, LINZ swamp layer identifies a few small areas of swamp land,
the bulk of which occur around Lake Omapere, adjacent to the floodplains of the Waihou
and Punakitere rivers (Figure 37). For these larger swamps, there is a good correlation with
radiometric signals. Smaller swamps show less correlation perhaps reflecting drainage of
these areas. Estuarine areas are also well correlated with lower gamma signals especially in

the most inland reaches.

The Kaipara test area is associated with a greater number and area of swamps (Figure 38).
The maijority of which occur in association with dune lake systems and valley-floor peat
deposits associated with the Kaipara Barrier bar. It is apparent from radiometric signals that
the LINZ swamp polygons that are associated with dune lake ecosystems could be refined
using the gamma data. An evaluation of the LNZ swamp polygons, those associated with

dune lake ecosystems from Hokianga Harbour north along Ninety Mile Beach, exhibit a
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similar opportunity for refinement using radiometric imagery. Within the small-scale, dissected
valleys of the eastern Kaipara Barrier bar, LINZ swamp polygons are correlated with valley-

floor peat deposits but could also be refined using radiometric imagery.

Radiometric Ternary

- Potassium
- Thorium
- Uranium

Swamps

[: Town

Radiometric Ternary

- Potassium
- Thorium
- Uranium

Figure 37. Swamps outline from LINZ and radiometric ternary at Waipapa. Gamma aftenuation rates are
high in areas of elevated water table (swamps). Drainage of swamps and subsequent soil evolution
results in higher gamma values.
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Figure 38. Swamps outline from LINZ and radiometric ternary at Kaipara. Gamma attenuation rates are
high in areas of elevated water table (swamps). Red arrows denote areas of swamps and/or
ephemeral dune lakes(?) that are not picked up by LINZ. The absence of these features in the LINZ data
layer may be due to the highly dynamic setting, where highly mobile dune sands may infill or expose
new features.

7/ River Environmental Classification (RECT1)

The River Environment Classification (REC; Snelder and Biggs, 2002) is a database of
catchment physical characteristics, summarised for every segment in New Zealand's network
of rivers. The physical attributes on which the individual rivers sections are based include

topography, geology, climate, catchment land cover and source of flow for the river water.

7.1. Description of data

Table 7. REC1 metadata.

Source Ministry for Environment data service
Type Vector line string
Limitations Does not extend to the shoreline fringes of the Whangarei harbour. Does

not have atfributes that predict clay content or texture.

Links to text https://data.mfe.govt.nz/layer/1805-river-environment-classification-
northland-2010/

Comments Useful to check if radiometrics matches with high stream orders
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7.2. Comparison to radiometric signal

Radiometric signals pick up the extent of modern day floodplains particularly for stream
orders greater than or equal to 3 in the REC1 layer (Figures 39, 40, & 41). Within the test areas,
the dendritic nature of stream valleys is noted. Channel avulsion and reworking of valley infill
associated with the modern-day floodplain is strongly expressed. Importantly, higher order
stfreams are characterised by higher flow volumes and stream power, with sediment yields in
areas of fine textured soils often highly correlated (Deakin et al., 2016). Further, natural stream
channel migration will result in remobilisation of deposited sediment. The risk being, that
modern-day sediments in areas with a long history of land use are often highly enriched in P
and N.

Overall, there is strong correlation between REC1 and the radiometric ternary image; flood
plain corridors around REC1 polylines have a consistent radiometric signal and are traceable
through the landscape. This has also been key for the Southland physiographic project,
where REC1 was used to identify stream source, which is an important hydrological control
over water composition and quality (including sediment source). However, it was shown in
Southland that the Topo50 map was often a better tool for mapping water source than the
digitised river network component of the REC1. Observations similar to this have been made
by Northland Regional Council Staff (pers. comm. Duncan Kervell, Northland Regional
Council). Accurate representation of stream headwaters is a critical consideration when
developing a hydrological process layer for physiographic application and is likely to be
important for sediment concentrations. Radiometric signals are also a useful tool for

delineating additional resolution of siream channel width.

In Ahipara test area, the Awanui River and its fributaries form a complex dendritic network
that has incised into the geological surface. The corridor of the dendritic network has a
distinct radiometric signal which is generally a mottled mix of colours dependent on the
provenance of sediments. Mofttled corridors are associated with river valley floors that
expand into larger flood plain areas (Figures 39 & 40). Of note in Figure 40 is the distinct high
gamma signal associated with the head waters of the Waipapa River and the deposition

zones around the Waihou River.

Longitudinal gradients in radiometric signals along floodplain corridors occur in response o
inflow from ftributaries of different sedimentary provenances. The latter, in conjunction with an
appreciation of the primary sedimentary provenance source, provides a powerful tool for
explaining variation in sediment size, source and attendant hydrological properties of
floodplain soils. In conjunction with RECT, the radiometric imagery provides a link between
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sediment source (head water), transfer zone and depositional areas (deltaic systems and
estuaries). The ability of the radiometrics, in conjunction with REC1 and floodplain mapping,

to frace sediment source longitudinally downstream is an important observation.

Sediment removal and deposition by river networks forms a predictable and distinct gamma
signal across all test areas. However, the Waipapa and Kaipara test areas are not typified by
flood plains or large dendritic networks and yet sites of active weathering are identifiable
from mottled radiometric signals (Figures 40 & 41). Here, as with other test areas, mottling is
associated with strong pink to violet hues in the gamma spectrum, which is associated with
low K counts relative to Th and U, suggesting the erosion of relatively old, weathered

landforms.

Along the eastern shoreline of the north Kaipara Barrier, there are many short-run catchments
which show a strongly mottled signal suggestive of active erosion. Similar, hotspots of mottling
are associated with the Owhata, Whangape and Manukau valley areas with the Ahipara
test area. Strong mottling is also associated with the Awaroa River Valley. South, fowards

Hokianga, pink mottling is associated with many of the harbour-facing slopes.

The association of higher gamma counts and bright pink and violet hues with areas of active
floodplains, valleys, hill slopes is suggestive of active erosion. Although this is a preliminary
interpretation, albeit supported by discussions with Bob Cathcart (a local soil and
geomorphic expert), it is possible that radiometric imagery is an effective means of refining

areas of elevated sediment generation and loss across Northland.
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Figure 39. River order 3 and greater from REC1 and radiometric ternary at Ahipara. The red arrow
indicates the Kaitaia flood plain.
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Figure 40. River order 3 and greater from REC1 and radiometric ternary at Waipapa. The red arrows
indicate flood plains: Left; Waihou River Valley (and flood plains from the Waipapa and
Whakanekeneke rivers), Right; Kerekeri River/Puketotara Stream flood plains.
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Figure 41. River order 3 and greater from REC1 and radiometric ternary at Kaipara.

8 Radiometric Evaluation Summary

Radiometric imagery, provided by the 2011 New Zealand Petroleum and Minerals survey of
the Northland region, provides a platform for better understanding the key landscape
relationships that govern hydrological, redox and sedimentary processes as they pertain fo
physiographic mapping for water quality. The value of radiometric imagery reflects the fact
that radiometric signals are obtained from direct measurement, therefore are not inferred or
derived products, and are generally of higher spatial resolution than map unit polygons in

soil, geological, and other geospatial layers.

Although this work is purely qualitative, it is apparent that there is a good fit between existing
geospatial layers and radiometric signals across the three test areas. QMAP capfured
geological information at 1:250 000 scale, and using mainly stereo aerial photograph
interpretation, the LRI Rock 2 attfribute layer has tried to refine the QMAP 1:250 000 scale
mapping down to 1:50 000. Combination with the LRI Rock2, DEM and radiometric imagery
helps to refine some of the finer scale variation associated with small scale drainage basins
(<8 km?2) and areas characterised by steep geomorphic gradients. The key findings of this

work are summarised in Table 8 below.
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Table 8. Summary table of the relationship between geospatial data and radiometric signal.

Layer and Correlation with Importance within Pros and Cons
attribute Radiometric signal Physiographic context
DEM 8 m Strong spatial correlation | Correlation between Combination of DEM
between alfitude, radiometric signals and and radiometric imagery
relative relief, slope and | DEM is important fo is used as a primary base
radiometric signals. All understanding the layer for subsequent
subsequent evaluations geological and evaluation of landscape
of the relationship geomorphic controls gradients (e.g.
between radiometric (weathering and geological, geomorphic
signals and landscape fransport limited settings | and biogeochemical
gradients are made and gradients therein) gradients) that influence
using the combined over surficial spatial variation in water
DEM-radiometric layer. hydrological properties, quality.
the volume of stored
sediment and the
attendant risk of erosion.
QMAP Reasonable correlation In Northland, gradients in | Most powerful when
Stratigraphic | between radiometrics stratigraphic age are used in conjunction with
Age and Strat_Age highly spatially Main Rock (QMAP) as

correlated with
radiometric signals.
When combined with
rock/sediment
provenance (QMAP,
Main Rock) and
radiometric signals,
stratigraphic age
provides key constraints
over: (i) gradients in soil
hydrology, (ii)
biogeochemical
properties such as soil
pH, P-retention and
mineralogical
composition; (iii) soil and
regolith erodibility and
dispersivity, and; (iv) for
groundwater where the
abundance of electron
donors and redox buffers
that determined the fate
of leached nitrate and
the solubility and mobility
of P species.

this provides information
over primary
rock/sediment texture
and provenance.
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QMAP Overall, strong Primary parent material Despite being mapped
. correlation in all test texture and provenance | at 1:250,000, QMAP is sfill

Main rock s .
areas. However, a few are a critical conftrol highly relevant and
areas of disconnect in over: (i) soil hydrological | contains a significant
Waipapa, associated properties that govern number of attribute fields
with faulting and facies flow path and soil zone that make it the most
change. reduction potential; (ii) authorative source of

abundance of electron geological information
donor and redox buffers | for physiographic

in aquifer systems; {iii) mapping.
provenance of

sediments and their

NZLRI Rock 2 | Overall, strong o‘r‘rend?nffhhyirologmol Rock2 (1:50,000)

correlation in all test properiies fhat are provides finer resolution,
. associated with the . .

areas. While LRI Rock2 stream in places, relative to

does well to constrain : QMAP. Combined,

general geological network/floodplain. Rock2 and QMAP with

relationships, the dark regional DEM and

(attenuated signal) dune radiometric imagery

lake and swamp areas provides powerful

on the north Kaipara constraint over gradients

Barrier are not mapped. in regional geology.

The extent of these areas

is not well correlated,

and could indicate the

dynamic setting and

changes to the feature

since mapping.

FSL Soil Type | On its own, soil type (as Textural class on its own Provides useful textural
defined by texture) is not | appears too coarse information when used in
strongly correlated with when contrasted with conjunction with soil
radiometric imagery. soil hydrological hydrological, geological

measures such as and radiometric
permeability, DSLO and imagery. Limited if used
drainage class. on its own.
However, there is
obvious value when the
LRI soil type layer is used
in conjunction with soil
hydrological, geological
and radiometric
imagery.
LRI Drainage | There is a strong spatial Important for Strongly correlated with:
Class correlation between determining the (i) primary parent

radiometric signals and
LRI drainage class.
Correlation is primarily
due to gradients in
parent material texture
and provenance
(geology), followed by
geomorphic sefting
(weathering versus
fransport limited). Due to
strong geological

reduction potential of
the soil. Therefore, is used
to produce the soil zone
redox process layer. In
conjunction with soll
hydrological response,
drainage class indicates
areas where soil zone
recharge is oxidising or
reducing, which is critical
for better understanding

material texture and
provenance and
radiometric signals, and;
(i) geomorphic setting
(weathering vs transport
limited). Enables a highly
resolved representation
of landscape gradients
governing soil zone
reduction potential.
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control, Drainage Class is
well correlated with
radio signals. Soil
Drainage Class and
DSLO appear strongly
correlated. However, soil
Permeability Class is not
always correlated with
Drainage Class or DSLO.
As expected, there was
some attenuation of
signal in poorly drained
areas.

variatfion in ground and
surface water N and P
concenftrations.

Correlation of sall
drainage class with
geological texture may
also be correlated with
aquifer reduction
potential.

LRI soil
permeability

There is a good spatial
correlation between
radiometric signals and
LRI soil permeability.
Correlation is primarily
due to gradientsin
parent material texture
and provenance
(geology), followed by
geomorphic setting
(weathering versus
transport limited). Due to
strong geological
control, Permeability
Class is well correlated
with radio signals. Soil
permeability is not
always correlated with
soil drainage class and
DSLO.

Critical to determining
the pathway water takes
across the landscape
and as such the risk
profile of drainage to
surface and shallow
ground water. Therefore,
is used to produce the
hydrology process layer
which shows where
recharge occurs and the
degree of connectivity
between soils, surface
and ground water.

Strongly correlated with:
(i) primary parent
material texture and
provenance and
radiometric signals; {ii)
stratigraphic age, and;
(iii) geomorphic setting
(weathering versus
fransport limited). In
conjunction with slope
and DSLO, provides a
highly resolved
representation of
landscape gradients
governing the pathway
water takes across the
landscape. This includes
the export of water
between hydrological
domains (i.e. Hill Country
to Lowland) as well as
the degree of hydraulic
connectivity between
soils and aquifers,
aquifers and streams.

LRI DSLO

Strong spatial
relationship between
radiometric signals and
LRI DSLO class. As
expected, there was
some attenuation of
signal in poorly drained
areas (areas with a
shallow DSLO). The
stfrong correlation
reflects gradients in
primary parent material
texture and
provenance,
geomorphic setting
(weathering versus

Important because in
conjunction with soll
permeability it gives an
indication of the storage
capacity of the soil. In
conjunction with
permeability and slope it
determines flow
pathways (i.e. deep
drainage versus lateral
soil zone drainage versus
overland flow).

Strongly correlated with:
(i) primary parent
material texture and
provenance and
radiometric signals; (ii)
stratigraphic age, and;
(iii) geomorphic setting
(weathering versus
fransport limited). The
DSLO appears to
represent the thickness
of the regolith in
weathering limited
settings. In conjunction
with permeability, DSLO
enables a highly
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transport limited) and is
strongly spatially
correlated with radio
signals. Highly spatially
correlated with soil
drainage class and to a
lesser degree soil
permeability.

resolved representation
of landscape gradients
governing the pathway
water takes across the
landscape, the export of
water between
hydrological domains
(i.e. Hill Country to
Lowland) as well as the
degree of hydraulic
connectivity between
soils and aquifers,
aquifers and stream:s.
Collectively, the soil
hydrological gradients of
drainage class,
permeability and DSLO
are critical for better
understanding
hydrological pathways,
including the degree of
modification of the
hydrological setting by
artificial drainage and
attendant stream power
increases. The same
measures in conjunction
with slope are also
critical for assessing Over
Land Flow (OLF) and
aftendant sediment
enfrainment and
fransport.

LINZ Topo50

Swamps

There is a strong
correlation between
radiometric signal and
swamps. Areas of
elevated organic
carbon emit little
gamma radiation and in
conjunction with higher
water contents occur as
dark areas in radiometric
imagery. Swamp areas
aftenuate the signal as
do water bodies such as
lakes. It is well
recognised that
radiometric surveys are
an effective means fo
map or ground-truth
swamps/wetland areas
and associated
ecosystems (dune lakes).

Swamps are important
sites of denitrification but
may also exhibit
elevated P and E. coli
levels if associated with
intensive land use or
receive inputs from
intensive land use. As
such they are important
landscape features
when applying the
physiographic method
for mapping redox and P
loss conftrols over water
quality.

Important for
identification of
processes in fransported
limited areas.
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REC1

Strong correlation in all
test areas. Radiometric
signals appear to pick
up the extent of modern
day floodplains
particularly for stream
orders greater than or
equal to 3 order. The
composition and
hydrological properties
of floodplain sediments
are also strongly
correlated with head
water and tributary
inputs.

REC1 is useful to identify
stream source, which is
an important
hydrological control over
water composition and
quality. Accurate
representation of stream
headwaters is perhaps
the most important
factor when developing
a hydrological process
layer. Modern day
stream channels and
floodplains are also
highly correlated with
physiographic
application and is likely
to be important for
sediment
concenfrations.

Medium for transport of
contaminants in
fransport limited areas.

When coupled with
measures or estimates of
total P and N content it
provides an upper
maximum over the
possible sediment yield
from a catchment

Erosion Class

LRI erosion provides a
different but
complementary
perspective to erosion.
There are some strong
correlations between
erosion and high-K
signal, particularly in
Kaipara. However, there
are a few areas of
disconnect in Waipapa
that have
weathering/transport
limited boundaries which
do not trigger erosion
class changes. Further,
there is some evidence
that radiometric imagery
can potentially be used
to positively identify
areas of active erosion.

At this preliminary stage
the authors are unsure
that the current erosion
class layer is directly
relevant to water quality
outcomes. However,
erosion class mapping
may add additional
context fo sediment
generation across
fransport limited areas.

Currently, uncertain as to
the directly value of
Erosion Class in
physiographic mapping.
However, the relevance
of Erosion Class will be
further investigated in
subsequent mapping.
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9  Physiographic Method for Northland

Water quality can vary spatially across the landscape, even when there is similar land uses or
pressures in a catchment. These differences in water quality occur because of the natural
spatial variation in the physical landscape, which alters the composition of the water through
coupled physical, chemical and biological processes. The water composition (of dissolved
and particulate constituents) provides information about its origin, the pathway it has
travelled and the processes to which it has been subjected. Of most significance to surface
water quality are the processes occurring in the soil zone and shallow unconfined aquifers, as
they are highly connected hydrologically to surface water. Identifying, mapping, and
classifying these landscape features across an area forms the basis of the physiographic
approach, making it possible to accurately predict the water chemistry of shallow

groundwater and surface water.

At the heart of the physiographic approach is the depiction of the coupled relationship
between specific landscape attrioutes and those key processes that drive water quality
outcomes. For example, it is widely recognised that soil drainage class (attribute) is the
primary landscape confrol over the magnitude of denitrification (process) (Webb et al., 2010;
Kilick et al., 2015; Beyer et al., 2016). Soil permeability (attribute) is also a critical control over
water pathway (hydrological process), with the risk or potential for overland flow increasing

as soil permeability decreases (Figure 42).
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Figure 42. Diagram showing an idealised process-atiribute gradient, governing the pathway water
takes across the landscape.
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9.1 Process-Attribute Layer Methodology

The ultimate aim is to produce a number of classed process-attribute layers (PAL) that depict
the spatial coupling of key water quality attributes and attendant process signals within
water. Across Northland, this includes consideration of the process-attribute gradients
governing the physical (clarity, turbidity, sediment concentration), chemical (nifrogen,
phosphorus, pH, sodium) and microbial (E. coli) composition of shallow ground and surface
water. Each PAL is subsequently classified info categories according to the water quality
data - letting the water determine the classes. Each classed PAL can operate as a stand-
alone platform for estimating spatfial variation in the key processes of interest (i.e.
hydrological, redox and sediment processes). By overlaying each individual classed PAL,
areas with similar class assemblages can be identified. Areas with similar class assemblages
share common attributes and influence water quality outcomes in a similar way. The
accuracy of each delineated PAL is verified by assessing the relationship between data from
water quality monitoring sites and individual PAL using statistical methods including random

forest modelling (see Section 9.2).

9.1.1 Northland Sediment Process Attribute Layer (S-PAL) Method

The ability to improve the spatial depiction of erosional and depositional processes by
combining radiometric imagery with other geospatial layers is well supported in the
international literature (Wilford, 1995; Wilford et al., 1997; Pickup and Marks, 2000 and 2001;
Wilford, 2012 and references therein). A key factor is the recognition of two controls over

sediment supply and quality:

1. Natural variation in rock/sediment induration, soil cohesion, soil erodibility, soil

dispersivity and slope, and;

2. Anthropogenic perturbation of the landscape in response to vegetation clearance,

artificial drainage and a corresponding increasing in N and P inputs.

Both of the above display natural gradients across the Northland region and interact to

determine gradients in sediment supply and sediment quality.

Accordingly, we propose that areas characterised by steep slopes and old growth

indigenous vegetation cover have not changed much since colonisation of the region by
Europeans. Whereas, local studies of sediment accumulation in the harbours of Northland
support a rapid increase in sediment deposition (10 fo 20 times higher) following European

colonisation, in response to widespread deforestation and drainage of lower relief parts of
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the landscape (Gibbs et al., 2015; Swales et al. 2012; Swales et al., 2015). Thus, it is important
to acknowledge that although natural landscape attributes influence sediment supply, the
increase in sediment flux to regional waterways is strongly correlated with the clearance of

lower relief landforms.

The flux of sediment from an undisturbed
drainage basin changes over the short term

as rainstorms come and go, individual
hillslopes fail in mass movements, and
riverbanks collapse. Over the long term, the
flux of sediment from a drainage basin
oscillates around a mean value, producing a
dynamic steady state, unless there are
significant changes in boundary conditions,
such as climate, vegetation cover, or uplift rate.

Dynamic steady state

Fluvial sediment flux

Time >+

Change in boundary conditions
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Figure 43. Proposed conceptual control over enhanced sediment loss from transport limited settings
across Northland. Diagram from Bierman & Montgomery, “Key Concepts in Geomorphology, (2013)".
Where the bottom text box refers to ploughing we redefine this as any activity that has significantly
modified the hydrological response of the land surface.

Land clearance, drainage works, and soil compaction drive a shift in the boundary
conditions governing the rate at which water leaves the landscape (Figure 43). An increase
in the rate at which water leaves the landscape increases leaching, scouring and the
capacity of water to entrain and transport contaminants to waterways under peak runoff
conditions. A decrease in the residence time of water in the landscape drives an increase in
the volume of water moving through a stream over a storm event, thereby increasing stream
power and stream bank erosion. Sediment source fracking work by Gibbs et al. (2015) for the
Northland region indicates a strong anthropogenic land use signal for riverine and estuarine
sediments, with sediment from stream banks thought to conftribute c. 40 — 50% of the

sediment load.
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A key factor is the change in boundary conditions across predominantly tfransport limited
settings, where the greatest land use intensity occurs, has driven (and continues to drive) a
readjustment tfowards a new dynamic steady state associated with much higher sediment
yields and rates of stream bank erosion across modified, primarily transport limited parts of
the landscape. The increase in the rate at which water leaves the landscape is responsible
for the mining out of stored sediment at an unprecedented rate. Across the same period of
land clearance and drainage, N, P and microbial content of soil materials has increased

markedly in response to deposition by livestock and the widespread use of fertilisers.

Under this highly modified system, we propose that the natural susceptibility of the landscape
to erosion is greatly amplified. This simple acknowledgement is critfical to the following
evaluation and subsequent proposal of a method to better discriminate between natural

and anthropogenic sediment supply across Northland.

Against this dynamic backdrop, constraint over spatial variation in mean, total and log mean
suspended sediment concentration, clarity and the turbidity of regional streams can be
better estimated by extracting, combining and producing a single process-attribute layer of

in-stream sediment controls. Specifically, we will map:

1. Gradients in sediment and rock induration (strength) as a feature of different rock
types and their degree of weathering. Where weakly indurated rock is more
susceptible to erosion than strongly indurated rock. Mapping the gradients in
relative induration and degree of weathering will be aided by QMAP, LRI Rock 2

and regional radiometric imagery.

2. Gradients in slope and relative relief are important controls over the transport of
sediment and are correlated with geomorphic setting. Depiction of weathering
and transport limitation gradients provide an important constraint over the volume
of stored fine sediment and landscape level thresholds in slope (regional DEM).
Weathering versus transport limited gradients will be mapped via combination of

radiometric imagery with the regional DEM.

3. Gradients in the susceptibility of an area to overland flow (OLF) as informed by LRI
soil hydrological properties (i.e. soil texture, permeability and DSLO), radiometric
imagery, geology and slope (DEM) are important determinants of sediment
fransport and contaminant entrainment. The OLF mapping includes a measure of

the slaking and dispersion (based on soil texture) of soils (Pearson, 2015a). Where
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soil hydrological gradients and slope combine to control the susceptibility of an

area to OLF and entrainment of sediment and contaminants to waterways.

4. Gradientsin the type and proportion of vegetation across the region enable land
use gradients to be represented (e.g. pasture cover, agroforestry and indigenous
cover). Where land cover/use is a sound proxy for the degree of
disturbance/modification of the landscape by human activities including the likely
density of artificial drainage (Pearson, 2015b), attendant hydrological response and
sediment quality. Of particular relevance is the discrimination and depiction of
areas of old growth indigenous vegetation that has not changed significantly since
European colonisation, areas of indigenous regeneration, areas of plantation
forestry, high producing exotic pasture and horticultural areas. This would be
accomplished through combination of the LCDB v 4.1 with attribute fields from 1996
and 2012 to help better resolve areas of land cover change (e.g., regeneration of

indigenous forest cover).

5. From our assessment, radiometric imagery appears to identify areas of active
erosion. These areas or ‘hotspots’ of erosion exhibit high gamma counts and
enriched Th and U signals that are suggestive of the active erosion of older parts of
the landscape. If validated as localised areas of elevated sediment production,
these ‘hotspot’ areas will form a key component of the S-PAL mapping of
Northland.

The above attribute layers will be combined to produce a single unclassified PAL that can be
used as a standalone layer for estimating instream sediment flux and to improve estimation
of instream concentrations of particle reactive species such as E. coli, organic N,
ammoniacal N, dissolved reactive phosphorus (DRP) and total phosphate (TP). The
combination of these ‘sub-attributes’ into a single PAL reflects the fact that a singular water

quality outcome (e.g. sediment) is seldom governed by just one landscape attribute.

In addition to estimating sediment flux, this classification will enable areas of natural state
sediment generation and quality to be discriminated from modified areas characterised by
enhanced sediment yields and poor sediment quality. This is important when attempting fo
discriminate the confributions from natural state versus disturbed landscapes to sediment
loads.

Initially we will look to see if the above attribute gradients are sufficient to explain the spatial

variability in the mean, log fransformed mean, coefficient of variation and total sediment
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concentrations (clarity), E. coli, organic N, ammoniacal N, DRP and TP for Northland streams
by comparing them against surface water Sate of the Environment (SoE) monitoring data
sets. At this point, we may consider including the LRI or NRC erosion class mapping to further
refine, if necessary, the sediment process-attribute gradient layer to estimate in stream

concentrations.

The S-PAL will then be classified into sediment generation and quality categories using
regional surface water quality data, again following the methods of Rissmann et al. (2016)

developed for the Physiographics of Southland programme.

9.1.2 Northland Hydrological Process Attribute Layer (H-PAL) Method

To produce a hydrological process attribute layer (H-PAL) for Northland, a simplified version
of the Southland method is provided below. A detailed outline of the method is available

online (see Beyer et al. 2016'") for the interested reader.
The H-PAL represents the landscape level controls over surface and shallow ground water:

e Water source — where the water in a stream or aquifer originates from.

e Recharge mechanism - the broad scale mechanism/process by which water
reaches an aquifer or stream.

e Water pathway - fine scale mechanism/process controlling the pathway water takes

- bypass flow, overland flow, lateral drainage and deep drainage.

These three mechanisms are conftrolled by a wide range of physical processes (e.g. dilution,
infiliration, exfiltration and percolation). The attributes of the landscape governing these
processes are extracted from geological, soil and hydrological/hydrogeological (hereafter
hydrological) information and presented as a single layer. The layer is then classified

according to water signatures (Figure. 44).

For the purposes of mapping the H-PAL for Northland, water signals and an understanding of
the process level controls, from relevant peer-reviewed literature, are used to identify the key
afttributes of the landscape governing hydrological response (e.g. water source, recharge
mechanism and finer scale water pathway). High spatfial resolution of surface runoff
pathways can be incorporated into the H-PAL if LIDAR is available (Rissmann et al., 2017).
With LIDAR, it is possible to map the surficial flow paths at farm and in some settings paddock

scale resolution. Spatial information over aquifer properties, including confinement depth

Thttps://contentapi.datacomsphere.com.au/v1/h%3Aes/repository/libraries/id:1tkqd22dp17g9stkk8gh/
hierarchy/Scientific%20reports/Physiographics%200f%20Southland%20-%20Part%201/TC %206 %20
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and degree of coupling fo main stem rivers, is also important. Figure 45 provides an example
of a catchment within the lowland recharge setting, with finer scale hydrological pathways

mapped using LIDAR.

Water source

Alpine
- Bedrock with alpine headwaters

- Bedrock

Lowland (including moraines)

- Mixed

Natural bypass

Lakes

Figure 44. Classed process attribute layer for Southland hydrology (H-PAL). For clarity, overland flow
layer and siream sources are not shown here. Where the map represents a classed process attribute
layer which is classified according to hydrological fracers.
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Hydrology PAL
Developed Land

Low artificial drainage, high deep drainage,
<2% annual rainfall as overland flow

Low artificial drainage, high deep drainage,
2-6% annual rainfall as overland flow

- Low artificial drainage, high deep drainage,
>6% annual rainfall as overland flow

- Moderate artificial drainage, moderate deep 7/1
drainage, 2-6% annual rainfall as overland flow

- High artificial drainage, low deep drainage,

>6% annual rainfall as overland flow
Moffat.Creek
Natural State

(Craws)
Directi (Creek]

as overland flow 7

- High deep drainage, >6% annual rainfall
as overland flow

High deep drainage, <2% annual rainfall
as overland flow

High deep drainage, 2-6% annual rainfall

Waituna Lagoon

=

[T 1
A 0 125 25 5 Km

Figure 45. Classed hydrological process atfribute layer for Waituna Catchment intersected with fine
scale flow paths of overland flow, deep drainage, and artificial drainage density.

For Northland, the H-PAL will be generated from: LRI soil hydrological attributes; LINZ topo50
swamp layer; geological attributes from both QMAP and Rock2 (LRI); regional DEM, and; a

digitised representation of the stream network (Topo50 and REC1). The radiometric layer will
be used to refine areas that are incorrectly mapped or poorly constrained by existing

geospatial layers.

After classification of the H-PAL, each class is shown by a different colour, the classes being
determined by threshold values in water composition (both surface and ground water).

Where water originating from different sources exhibits different signatures associated with
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distinct recharge environments, recharge mechanism and/or pathways taken across the

landscape.

9.1.3 Northland Redox Process Attribute Layer (R-PAL) Method

A simplified version of the Southland method to produce a combined redox potential (both
soil and geology) process attribute layer (R-PAL) for Northland is provided below. A detailed

outline of the method is available in Beyer et al. (2016).

The R-PAL produced for Southland represents the combined influence of soil (unsaturated
zone) and geological attributes over redox signatures in water (Figure 46). Soil reduction
potential is controlled predominantly by soil drainage class and geological reduction
potential, which is governed by the electron donor abundance and redox mineral buffering
of rock and sediment (Rissmann, 2011; Tratnyek et al., 2012; Beyer et al. 2016). Depending on
the distribution of these afttributes, the general redox category (e.g. oxic, sub-oxic, anoxic,
mixed(oxic-anoxic)) and the Terminal Electron Accepting Process (TEAP; O2-reducing, NOs-
reducing, etc.) of shallow ground and surface waters varies significantly in space, and as

such affects N and P loss and attenuation.

i mixed gravel ; i o
roc coarse gravel and sand/sit fine sand/silt clay peat I|gn|teicoal

low high
electron donors electron donors

Figure 46. Process-attribute gradient for soil types and redox.

For the purposes of mapping the R-PAL for Northland, water signals and an understanding of
the process level controls over water composition, from relevant peer-reviewed literature, are
used to identify the key attributes of the landscape governing redox signals (e.g. general
redox category, TEAP and the concentration of redox sensitive species and if sufficient data

exists the saturation of redox sensitive species) within water. Identification of the attributes is
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governed by evaluating the signals in sampled waters against the character of the

landscape from whence is has drained.

For Northland, we propose that the LRI attributes: lithology (Rock2 attribute), soil drainage
class, redoximorphic features (FSL; low chroma colours, mottling and gleying) and organic
carbon content, in conjunction with the radiometric survey data, are the best for evaluating
the relationship between landscape attributes and shallow ground and surface water redox
signatures across the region. The recognition of geologically driven gradients in soil hydrology
are also of value when mapping the electron donor content of shallow aquifers. Specifically,
the electron donor content and mineral buffering capacity of geological units is widely
recognised as a key conftrol over reduction processes such as denitrification and the solubility
and mobility of P species within aquifers (Figure 47; McMahon and Chapelle, 2008; Rissmmann,
2011; Rissmann et al., 2016).

B et over High
- High over Intermediate
I High over Low
Moderate over High
Moderate over Intermediate
Moderate over Low
‘. Low over High

- Low over Intermediate

B ow over tow

B vieh over Low (8R1)
- High over Low (BR2)
B o over Low (Alp)

No Data

0 125 25 .
I T O O | A

Figure 47. The combined (soil and geological) reduction potential layer for Southland (Rissmann et al.,
2016a/b/c; Beyer et al., 2016a/b).
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In the regional R-PAL, the reduction potential class for the soil is superimposed upon the
geological reduction potential of the underlying rock or sediment. In areas of rock outcrop
devoid of soil, the geological reduction potential dominates. In areas of low soil zone
reduction over low geological reduction, recharge to an underlying aquifer will be oxidising
(O2-reducing), and the underlying aquifer materials also oxidising. In these settings, if not
flushed by river waters, aquifers are prone to nitrate build-up. In areas of high soil zone
reduction potential overlying high geological reduction potential, soil drainage is expected
to be weakly reducing (i.e., generally mixed (oxic-anoxic) redox category) and any
underlying aquifers will also be reducing (anoxic). In this setting, nitrate is rapidly denitrified,

but P leaching and mobility may be significant.

9.2 Northland Specific Physiographic Environments for Water
Quality

Following the mapping and classification of Northland specific attribute process layers, each
will be intersected to produce so called ‘physiographic environments’ or units. Intersection of
each classed aftribute-process layer identifies areas with common class assemblages and
reveals their distribution across the landscape. Specifically, where the same hydrological,
redox and sediment classes occur, we expect to see similar water quality controls and

associated outcomes (Rissmann et al., 2016; Figure 48).

Atmospheric PAL

Hydrological PAL

Weathering PAL

Redox PAL

mixed (oxic-anoxic) - Na-Cl

Figure 48. Conceptual diagram of how individual Physiographic Units that govern water quality were
identified for the Southland Region. Areas with a similar PAL class assemblage for each PAL host similar
process level controls and as such generate similar water composition.
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Once physiographic environments have been identified it is relatively simple to evaluate the
performance of the units to estimate in stream concentrations of N, P, S and M. This is done
by intersecting the capture zone (drainage area) of a water quality monitoring site with the
physiographic units to provide an assessment of the proportion of each unit within a capture
zone. For the Southland work, the accuracy with which the physiographic map was assessed

in three ways:

1. Hierarchal sorting of intersected stream and groundwater capture zones according
to individual process-attrioute classes (Rissmann et al., 2016);

2. Random forest model assessment (Snelder et al., 2016) of the ability of the combined
attribute process layers to estimate water composition and quality outcomes, and;

3. Astatistical assessment of the between physiographic unit variation in water quality
(Snelder et al., 2016).

Each of these different assessments showed that physiographic mapping provided an
accurate estimate of the water quality at SoE sites across Southland. The performance was
considered successful enough that the mapping could be used to estimate water

composition and likely quality at surface water sites without data (Snelder et al., 2016).

For Northland, the ability of individual attribute process layers to estimate surface and shallow
ground water quality will be assessed using a variety of methods following expert input from
spatial statisticians associated with the Physiographic Environments of New Zealand (PENZ)
research programme. These researchers are part of a larger technical advisory team
comprised of technical experts in soil, geology, hydrology, biogeochemistry, aqueous and
isotope geochemistry, microbiology and statistics (please see Pearson and Risssmann, 2017 for

a list of Senior Technical Advisors and more information on the national project).

9.3 Datarequirements from NRC to classify PALs

9.3.1 Water quality data

The soil zone and shallow unconfined aquifers exert the most influence on surface water
quality, as they are most often highly coupled. Therefore, it is critical that the same analytes
are measured in both surface and groundwater samples fo allow the controls over water

composition to be understood.
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For classification and validation of the PALs and Physiographic Environments, water samples
should be collected and analysed for the analytes identified in Error! Reference source not

found.. These analytes are those that are hydrologically conservative or redox sensitive.

The groundwater test set is the same as the National Groundwater Monitoring Programme
(NGMP), operated by GNS Science in collaboration with regional authorities. The only

additional analyte is a field measurement of dissolved oxygen.

Table 9. Surface and groundwater chemical analytes needed for classification and validation of PALs.

Hydrological PAL Redox PAL
Surface water (field or o Alkalinity (Total) e Dissolved Oxygen
lab filtered sample) e Sodium (dissolved) e Iron (dissolved)
e Potassium (dissolved) ¢ Manganese (dissolved)
e Calcium (dissolved) e Sulphate

e Magnesium (dissolved)

e Silica (dissolved reactive)
e Boron (dissolved)

e Bromide

e Fluoride*

e lodine (dissolved)*

Surface water (sample e Nitrogen (Total Kjeldahl) ¢ Nitrogen (Nitrate+Nitrite)
not filtered in field) e Electrical Conductivity
e Chloride

e Dissolved non-purgeable
Organic Carbon

Groundwater e Alkalinity (Total) e Dissolved Oxygen
e Sodium (dissolved) e Iron (dissolved)
e Potassium (dissolved) ¢ Manganese (dissolved)
e Calcium (dissolved) e Sulphate
e Magnesium (dissolved) ¢ Nifrogen (Nitrate+Nitrite)

e Silica (dissolved reactive)

e Boron (dissolved)

e Bromide

¢ Nifrogen (Total Kjeldahl)

e FElectrical Conductivity

e Chloride

¢ Dissolved non-purgeable
Organic Carbon

* Non-essential analytes

We recommend that the Northland Regional Council complete 3 surface water sampling
runs and 2 for groundwater to aid with classification of the hydrological and redox gradients,
with each sample analysed for their usual water quality suite plus the set of parameters

outlined in Error! Reference source not found..
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Surface water sampling events should be completed for each of the following flow
conditions:

e Low (baseflow)

e Median

e High

Groundwater sampling of unconfined aquifers and/or artesian aquifers connected to
surface water bodies should be during the following water level conditions:
e High (winter/early spring)

e Low (summer/early autumn)

Note that the groundwater levels should be recorded prior fo sampling. Bore construction
information (screen depth, final depth, bore logs), aquifer type and confinement status

should be provided for each sampled bore if possible.

9.3.2 GIS Spatial requirements

All GIS spatial data should be provided in New Zealand Transverse Mercator 2000 projection.
GIS spatial requirements include surface water catchment boundaries (water sheds) for main
catchments, Freshwater Management Units and metadata of data sources used to create
them (i.e. 8m DEM, RECv1). For ground water catchments, aquifer boundaries/zones should
be provided. For each surface water sample site, point data of the sample location and
capture zone for the site is required (if available) and metadata. If no surface water capture
zones are available, e3 Scientific will produce them for the sampling locations provided to

enable validation and performance testing.

9.4 Schedule of outputs for Northland Regional Council

The hydrology and redox PAL will be provided as part of the Physiographic Environments of
New Zealand (PENZ), Our Land and Water (OLW) National Science Challenge, contestable
bid. The due date for the science component of the PENZ programme is 31st May, 2019. A

Northland specific sediment process-attribute layer (S-PAL) is subject to approval by NRC

and can be delivered within an 8-month period if approval is given.

Assuming approval, the Physiographic mapping of Northland will provide:

e Three standalone process-aftribute layers (PALs) that accurately represent the
underlying landscape level controls over water quality risk: Hydrological PAL (H-PAL),
Redox PAL (R-PAL) and Sediment PAL (S-PAL).
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e Each PAL will be provided as a GIS package compatible with ESRI ArcGIS and/or
Google Earth.

o Asingle layer depicting the distribution of physiographic units across the region. The
combination of the 3 regional PALs provides an integrated package for
understanding variation in the three key processes governing water quality outcomes
in one layer. The hydrological, redox and sediment characteristics of each
physiographic unit will be provided along with the associated risk profile. Where
each physiographic unit identifies areas with a similar class assemblage and hence
similar process level controls over water quality risk and state. Also provided as a GIS
package and/or Google Earth Platform.

o Evaluation of the performance of each classed PAL and physiographic unit to
estimate shallow ground and surface water across the Northland region.

¢ A detailed user guide for both technical and lay persons working in science,
extension, consenting, compliance, and policy and planning is proposed through a
National Envirolink Tools Project to accompany the Physiographic Environment

science.
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