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OVERVIEW

Overview of
Presentation

1. Background: groundwater and

O Alkali metals [ Halogens

3 group [ Alaline-earth metals [] Noble gases
3|" [ Transition metals ] Rare-earth elements (21, 39, 57-71) ZL geo Ogy
1 [*H ) O Other metais and lanthanoid elements (5771 only) B

s 8 [ Other nonmetals ~ [[] Actinoid elements 0
2( Li | Be

CRE . M
what can water chemistr
9 |20 |21 |2 |3 | 26 . .
4/ K |Ca|Sc | Ti |V [Cr|Mn|Fe|Co

31‘ 38 39 40 41 42 43 44
5|Rb [ Sr[Y |'Zr | Nb|Mo|Tc|Ru|Rh ata te | IS

o | w | ww o | ww | o | o

85 56 57 73 74 75 76 77 78 L4
6/ Cs |Ba|La|Hf | Ta| W |Re|Os | Ir

!1‘ 88 89 104 105 106 107 108 100 110
7| Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt Ts | O
3. Data & Methods
lanthanoid series 6 | Ce | Pr | Nd | Pm [ Sm [ Eu | Gd | Tb | Dy | Ho | Er |[Tm | Yb | Lu
% (o1 [ [s3 [os [ (% [ [s8_ [o0 [i00 [fo1 [0z |103
actinoidseries 7| Th | Pa | U | Np [ Pu |Am |Cm Bk | Cf | Es | Fm | Md | No | Lr

4. Results & Preliminary Findings
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BACKGROUND

Regionally flow is mauka to makai, but
the Red Hill site has a relatively flat groundwater gradient.
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Red Hill geology is complex and
heterogeneous
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Red Hill groundwater wells

Moanalua

We used data from 44 groundwater wells.
Groundwater data: a “zillion” results



BACKGROUND

-y
Groundwater data used for this

assessment / “zillion” parameters dellEul s ,
* oxidation-reduction potential
(ORP)
 pH
General chemistry * alkalinity
* Conservative tracers * chloride

* Fuel breakdown indicators ‘ * nitrate + nitrite (NO,™ + NO,")
* silica (SiO,)
* ionic ratios: SO,/Cl, Na/Cl, and
Ca/Mg

Fuel contamination ‘ Contamination:

 TPH-d
 TPH-o




DRIVING QUESTION

I Driving question

What does the groundwater chemistry tell
us about the contamination, water flow,
mixing and other processes?




EXPLORATORY ANALYSIS

I Example time series ... 1/many
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DATA SUMMARY AND ANALYSIS APPROACH

Groundwater Chemistry
Near Red Hill

The study used multiple chemical clues, PCA, and HCA to help
distinguish background, transition, and plume-related
groundwater in the complex basalt aquifer.

44 monitored locations 9 indicators 2022-2024
Geochemical Standard
Parameter Unit Sample Size Mean deviation Min Max
pH - 2,926 7.53 0.66 6.4 10.2
ORP mV 2,926 129.23 102.67 -181 264.2
Alkalinity mg/L 539 103.68 46.78 53 270
Chloride (log) log (mg/L) 542 1.95 0.37 1.5 3.1
Nitrate+Nitrite mg/L 603 0.77 1.03 0 5.5
Silica mg/L 72 53.85 16.06 13.7 98
SO4/Clratio - 548 0.30 0.22 0.12 1.09
Na/Cl ratio - 47 0.76 0.35 0.28 2.29
Ca/Mg ratio - 47 0.97 0.23 0.48 1.69

How the study was performed

Instead of relying on one number, the study combined many water-quality clues.

Measure water chemistry

Field measurements, major ions, nutrients, and simple ratios.

Look for pair-wise chemical parameter links

A correlation matrix shows which measured indicators move together.

Find the main patterns

PCA compresses many signals into a few big patterns (gradients).

Group similar wells

HCA sorts wells into similar chemistry neighborhoods.

Why this matters: In a heterogeneous basalt aquifer, biodegradation, redox change, mixing, and rock-
water interaction can all happen at once. That makes “one-parameter” explanations incomplete.



CHEMICAL PARAMETERS USED IN STUDY

I Chemical parameters provide clues about water condition and geochemical processes

Each measurement says something different. Together they create a chemical fingerprint.

Water condition Buffering (resistance to changes in pH) Recharge and rock reaction Ratio clues

and Mixing (water blending together)

* pH = how acidic or basic the water is o [N < e = elues sleit fEEl * Na/Cl

* Alkalinity = water’s ability to buffer acids attenuation and anthropogenic

and is an indicator of natural attenuation influence§ ‘
* Chloride = conservative (non-reactive) * Silica = interaction between
salt tracer that helps track mixing groundwater and basalt

e ORP = whether conditions are more
oxygen-rich or oxygen-poor

* SO,/Cl

e Ca/Mg

Why those ratios matter Geochemical
. . . S Parameter
Evaporation from ocean is a source of our water with characteristics ion =
composition OpRP
Na/Cl: helps flag water-rock interaction (ion exchange). Alkalinity
Chloride (log)
SO,/CL: helps reflect sulfur cycling from processes such as natural attenuation. Nitrate+Nitrite
Silica
Ca/Mg: helps distinguish between weathering of basalt and limestone. SO4/Cl ratio
Na/Clrratio
Ca/Mg ratio

Big message

No single parameter is enough on its
own. These measurementsrespond to
overlapping processes, so the strongest
interpretation comes from using them
together.

Taken together, these indicator parameters help track recharge, biodegradation, redox change,

mixing, and mineral reaction processes in the aquifer.



CORRELATION MATRIX: INDICATES RELATIONSHIP BETWEEN 2 GEOCHEMICAL PARAMETERS

I Correlation matrix: a useful first look, but only pair-wise (2 parameters at a time)

Matrix shows which pairs of measurements tend to move in same direction (positive correlation) or move in opposite directions (negative correlation)

What it showed
Correlation Matrix Heatmap oo ¢ Alkalinity rose with nitrate (r = 0.61) + nitrite and with SO,/Cl(r=0.65 ~
pH BRI 010 037 027 -029 -036 -0.16 001 039 positive correlation).
075 ¢ Chloride rose with nitrate + nitrite (r = 0.46 ~ positive correlation).
ORP- -0.10 WEENUUEY -001 032 044 027 006  -041 026 * Na/Cl moved in the opposite direction from chloride (r =-0.61 ~ negative
0,50 correlation).

Alkalinity - -0.37 -0.01 1.00 0.26 0.61 0.36 0.65 0.39 -0.19

W os5 o 00 [N oz 0 D

LOG_Cl - -0.27 0.32

Nitra_Nitri - -0.29 0.44 0.46 1.00 0.00 0.28 -0.05 -0.12 -0.00 g What that means
g The water chemistry is likely shaped by linked buffering, salinity,
Silica - 011 000 ey --0.25 oxygenated versus anoxic conditions (redox), exchange between

dissolved minerals (ion exchange), and mineral reactions — not by one
-0.50 simple process.

0.26

0.61

0.36 b 8
S04-Cl - -0.16 0.06 H -0.03 0.28 0.14

Na-Cl - 0.01 -0.41 0.39 -0.61 -0.05 0.39
-0.75

CaMg- 033 026 019 030 012 045 o006 005 [ """«
' e Key limitation of pair-wise correlation

It only compares two variables at a time and mainly captures linear
relationships. That makes it hard to untangle several overlapping
processes or clearly sort wells into water types.

LOG_CI -
Silica -

S04-Cl -
Na-Cl

Alkalinity -
Nitra_Nitri -

r=1: Perfect positive correlation
r= 0: No correlation
r=-1 Perfect Negative correlation

That is why PCA and HCA are useful next: they use the full chemical fingerprint, not just one pair at a time.




PRINCIPAL COMPONENT ANALYSIS (PCA): Maximizes the available information contained in the data variability

I PCA indicates 3 main patterns in the chemistry

Principal component analysis (PCA) combines all 9 geochemical indicators at once.

Eigenvalues by Principal Component
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of the overall variation
~ 4)
~ 73 A) was captured by the

first three
components.

PC1 = buffering + recharge / biogeochemistry

This pattern captured changes linked to alkalinity, nutrients, and buffering as groundwater
evolves.

PC2 =redox + salinity / ion exchange

This pattern separated more reaction-dominated water from more oxidized and chloride-
rich water.

PC3 = mineral balance + weathering

This pattern reflected differences between carbonate-type buffering and silicate weathering
in basalt.

Why PCA adds more information?

It uses all variables together and turns overlapping signals into a few major patterns.




HIERARCHICAL CLUSTER ANALYSIS (HCA) AND INTERPRETATION

I HCA grouped wells into similar chemistry neighborhoods

Mapping (kriging) of HCA groups indicates zones of similar geochemical parameter fingerprints.

]
What the groups may mean

¢ A-B: more recharge-influenced or less altered water

e C: broad transition / mixing zone

¢ D-E: more plume-related or source-related chemistry

Why HCA adds more information

Instead of describing relationships between variables, HCA
groups wells by their whole chemistry fingerprint. That makes
distinct water types easier to see.

L]
Interpretation

HCA-based chemistry domains across the site Indicates similarity with TPH plume maps, but the geochemical
response extended more broadly through the shallow groundwater
system.

Pair-wise correlation is a good starting point, but PCA and HCA provide a picture because they analyze many

variables at the same time from different perspectives.



SUMMARY

I Mapping clusters adds to spatial understanding by building on plume maps

(I16n) uoye nuasuoy

Plume map represents average TPH-d from Jan. 2022 through
Sept. 2024 * not current conditions Sept. 2024

15



FINDINGS AND CONCLUSIONS

Findings
- oo

* We selected chemical indicators to help identify and understand
patterns due to flow and mixing as well as fuel degradation processes.

* PCA showed us the dominant processes that control the groundwater
chemistry.

* HCA showed us spatially the distinct chemical zones that are related
to contaminant zones.

* Biodegradation is reducing concentrations at the site.



FINDINGS AND CONCLUSIONS

CO m p [e menta ry “We are always on the verge of making new discoveries... science is a
continuous process of correcting and refining our understanding.”—

approaches Stephen Hawking
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