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C h a r a ct e ri zi n g t h e di stri b uti o n a n d d y n a mi c s of or g a ni c c ar b o n i n s oil i s criti c al f or q u a ntif yi n g c h a n g e s i n t h e 

gl o b al  c ar b o n  c y cl e.  I n  p arti c ul ar,  w e at h eri n g  c o ntr ol s  o n  n e ar- s urf a c e  a n d  d e e p  ( > 1  m)  s oil  or g a ni c  c ar b o n 

( S O C)  d y n a mi c s  h a v e  b e e n  pr o p o s e d  b ut  li mit e d  d at a  pr e v e nt s  u s  fr o m  pr e di cti n g  S O C  o v er  t o p o gr a p hi c all y 

c o m pl e x l a n d s c a p e s a n d q u a ntif yi n g h o w c h a n g e s i n cli m at e a n d p ert ur b ati o n s, s u c h a s wil d fir e or l a n d m a n -

a g e m e nt, i n fl u e n c e S O C st o c k s. T o a d v a n c e o ur u n d er st a n di n g of h o w w e at h eri n g alt er s s oil g e o c h e mi str y a n d 

i n fl u e n c e s  S O C  st or a g e,  w e  s y nt h e si z e  pr e vi o u s  d at a  wit h  a  n e w  a n al y si s  of  t h e  Si u sl a w  Ri v er  s oil  c hr o n o s e -

q u e n c e fr o m t err a c e s i n t h e Or e g o n C o a st R a n g e, a r e gi o n t h at h ar b or s t h e ri c h e st S O C i n v e nt ori e s i n t h e c o n -

ti n e nt al U S. W e a n al y z e h o w t h e r el ati o n s hi p s b et w e e n s oil g e o c h e mi str y, p h y si c al pr o p erti e s, a n d S O C st or a g e 

v ar y wit h w e at h eri n g st at u s a n d p at h w a y s a cr o s s s oil s t h at s p a n 0. 0 4 1 t o 9 9 0 k yr a n d v ar y i n d e pt h fr o m 1 m t o 

> 1 0 m. T o di sti n g ui s h t h e k e y pr o p erti e s a n d pr o c e s s e s i n fl u e n ci n g S O C st or a g e at diff er e nt d e pt h s, w e br e a k o ur 

a n al y si s  i nt o  t hr e e  d e pt h  i nt er v al s:  0 – 3 0,  3 0 – 1 0 0,  a n d > 1 0 0  c m.  O ur  r e s ult s  s u g g e st  t h at  t h e  pr o c e s s e s  t h at 

c o ntr ol S O C st o c k s v ar y s y st e m ati c all y wit h ti m e a n d d e pt h o wi n g t o w e at h eri n g i m p a ct s o n s oil pr o p erti e s a n d 

p e d o g e ni c d e v el o p m e nt. At 3 0 k yr w e o b s er v e a p e a k i n S O C st o c k i n t h e t o p 1 0 0 c m c oi n ci d e nt wit h a p e a k i n 

o x al at e  e xtr a ct a bl e  Al  a n d  F e  c o n c e ntr ati o n s,  r e pr e s e nti n g  s e c o n d ar y  p o orl y  cr y st alli n e  mi n er al s,  w hi c h  i s 

c o n si st e nt wit h  pr e vi o u s st u di e s. W e al s o  o b s er v e a d e cli n e i n  s h all o w S O C st o c k f or > 3 0 k yr  s oil s a s p o orl y 

cr y st alli n e mi n er al s ar e r e pl a c e d b y m or e st a bl e cr y st alli n e f or m s a n d s oil s b e c o m e cl a y d o mi n at e d. At 1 2 0 k yr, 

S O C  b el o w  1 0 0  c m  st art s  t o  c o ntri b ut e  si g ni fi c a ntl y  t o  t h e  t ot al  S O C  pr o fil e  i n v e nt or y  a n d  b y  9 9 0  k yr,  t hi s 

fr a cti o n  c o m p o s e s > 4 0 % of  t h e t ot al S O C st o c k.  T a k e n t o g et h er,  o ur r e s ult s  i n di c at e t h at  t ot al S O C st o c k i n -

cr e a s e s  wit h  s oil  a g e  a s  t h e  i n cr e a s e d  i nt e n sit y  of  b e dr o c k  w e at h eri n g  d e e p e n s  t h e  criti c al  z o n e,  cr e ati n g  a c -

c o m m o d ati o n  s p a c e  f or  d e e p  S O C  st or a g e.  T h e s e  fi n di n g s  r e v e al t h e  i nti m at e  li n k  b et w e e n  p o orl y  cr y st alli n e 

mi n er al s a n d S O C a n d s u g g e st t h at s y st e m ati c a n al y si s of s oil d e v el o p m e nt i n t h e criti c al z o n e pr o vi d e s a fir st- 

or d er c o n str ai nt o n S O C st o c k s.   

1. I nt r o d u cti o n 

T h e  p e d o s p h er e  st or e s  ~ 2, 4 0 0  P g  of  or g a ni c  c ar b o n  ( O C)  i n  t h e 

u p p er 2 m ( B atj e s, 2 0 1 4 ), w hi c h i s m or e t h a n t h e bi o s p h er e a n d at m o -

s p h er e c o m bi n e d, m a ki n g it t h e l ar g e st t err e stri al p o ol of O C ( J o b b á g y 

a n d J a c k s o n, 2 0 0 0; Kir s c h b a u m, 2 0 0 0; L e Q u é r é et al., 2 0 1 5; T ar n o c ai 

et al., 2 0 0 9 ). T h e r el ati v e a m o u nt of O C i n t h e p e d o s p h er e c o m p ar e d t o 

t h e  at m o s p h er e  a n d  bi o s p h er e,  m e a n s  s m all  c h a n g e s  i n  s oil  or g a ni c 

c ar b o n  ( S O C)  c a n  i n fl u e n c e  at m o s p h eri c  C O 2 a n d  gl o b al  c ar b o n  d y -

n a mi c s  ( C o n a nt  et  al.,  2 0 1 1;  Mi n a s n y  et  al.,  2 0 1 7 ).  H o w e v er,  u n c er -

t ai nt y i n t h e di stri b uti o n, st a bilit y, a n d d y n a mi c s of or g a ni c c ar b o n i n 

t h e  s oil li mit s  o ur  u n d er st a n di n g  of  t h e  gl o b al  c ar b o n  c y cl e  a n d  h o w 
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p ert ur b ati o n s, s u c h a s wil d fir e or l a n d m a n a g e m e nt, m a y i n fi u e n c e S O C 

st o c k s. 

W hil e  m a n y  S O C  st u di e s  f o c u s  o n  cli m ati c,  bi ol o gi c,  or  lit h ol o gi c 

c o ntr ol s  o n  S O C  st or a g e  ( Sil v a  a n d  L a m b er s,  2 0 2 1 );  w e at h eri n g  o n 

mill e n ni al a n d l o n g er ti m e s c al e s pl a y s a k e y r ol e i n t h e d e v el o p m e nt of 

s oil  e c o s y st e m  pr o p erti e s  t h at  m o d ul at e  S O C  st or a g e  ( D o ett erl  et  al., 

2 0 1 8; H e mi n g w a y et al., 2 0 1 9; S c h mi dt et al., 2 0 1 1 ). I n a d diti o n t o t h e 

c h e mi c al  a n d  m ol e c ul ar  c o m p o siti o n  of  s oil  or g a ni c  m att er  ( S O M) 

i n fl u e n ci n g S O C l o n g e vit y it s elf (K ö g el- K n a b n e r et al., 2 0 0 8; L a v all e e 

et  al.,  2 0 2 0;  Si x  et  al.,  2 0 0 0 ),  s oil  t e xt ur e,  s oil  c h e mi str y,  t hi c k n e s s, 

a g gr e g at e a b u n d a n c e, a n d mi n er al o g y s et t h e a c c o m m o d ati o n s p a c e a n d 

pr ot e cti o n  m e c h a ni s m s  n e c e s s ar y  f or  S O C  st or a g e  ( Kr a m er  a n d 

C h a d wi c k, 2 0 1 6; L e h m a n n et al., 2 0 2 0; M a si ell o et al., 2 0 0 4; Sl e s s ar e v 

et al., 2 0 2 2 ). I n g e n er al, t h e s e s oil pr o p erti e s d e p e n d o n t h e r at e s of fr e s h 

mi n er al  s u p pl y  ( s oil  pr o d u cti o n),  w e at h eri n g,  a n d  er o si o n  ( D o ett erl 

et  al.,  2 0 1 6;  M u d d  a n d  Y o o,  2 0 1 0 ).  O v er  mill e n ni a,  t h e s e  pr o c e s s e s 

c o ntr ol s oil pr o p erti e s r e q uir e d f or si g ni fl c a nt S O C st or a g e s u g g e sti n g 

t h at  a n al y si s  a n d  q u a nti fl c ati o n  of  s oil  d e v el o p m e nt  c a n a d v a n c e  o ur 

u n d er st a n di n g  of  t h e  p er si st e n c e  a n d  pr e s er v ati o n  of  S O C  ( L e h m a n n 

et al., 2 0 2 0 ). 

C hr o n o s e q u e n c e st u di e s ar e oft e n u s e d t o i n v e sti g at e t h e tr aj e ct or y 

of p e d o g e n e si s o n mill e n ni al ti m e s c al e s t hr o u g h a n al y si s of s oil mi n er -

al o g y  a n d  p h y si c al  pr o p erti e s  ( Al m o n d  et  al.,  2 0 0 7;  Bir k el a n d,  1 9 9 2; 

H ar d e n, 1 9 8 2; L a wr e n c e et al., 2 0 1 5; Lili e nf ei n et al., 2 0 0 3; Li n d e b ur g 

et al., 2 0 1 3; M ai n k a et al., 2 0 2 2; M a si ell o et al., 2 0 0 4; T or n et al., 1 9 9 7; 

Vr e e k e n, 1 9 7 5, 1 9 7 5; W al k er et al., 2 0 1 0 ). T o i s ol at e t h e eff e ct of ti m e, 

c hr o n o s e q u e n c e st u di e s e x a mi n e s oil s a cr o s s l a n df or m s wit h c o n si st e nt 

v e g et ati o n ( n et pri m ar y pr o d u cti o n i n p ut), cli m at e a n d p ar e nt m at eri al 

(Al m o n d et al., 2 0 0 7; B ai s d e n et al., 2 0 0 2; Kr a m er a n d C h a d wi c k, 2 0 1 6; 

M a si ell o  et  al.,  2 0 0 4 ).  T h e s e  l a n df or m s  oft e n  ori gi n at e  fr o m  m ari n e, 

fi u vi al, or gl a ci al d e p o sit s or l a v a fi o w s a n d ar e a s s u m e d t o e x p eri e n c e 

n e gli gi bl e  s urf a c e  er o si o n,  a n d  t h er ef or e  hi g hli g ht  bi o g e o c h e mi c al 

c h a n g e s o v er ti m e. Fr o m t h e s e st u di e s w e u n d er st a n d t h at a s s oil s a g e, 

c o nti n u al p h y si c al a n d c h e mi c al w e at h eri n g br e a k s d o w n a n d c o n v ert s 

pri m ar y mi n er al s t o s e c o n d ar y o n e s. F or s oil s i n h u mi d e n vir o n m e nt s, 

t hi s  c a u s e s  a n  i n cr e a s e  i n  silt-  a n d  cl a y-  si z e d  mi n er al s  a n d  gr e at er 

a b u n d a n c e  of  r e a cti v e  p e d o g e ni c  pr o d u ct s  s u c h  a s  F e- o xi d e s  a n d  Al- 

o x y h y dr o xi d e s ( C h a d wi c k a n d C h or o v er, 2 0 0 1; L a wr e n c e et al., 2 0 1 5 ), 

a n d hi g h er a g gr e g at e a b u n d a n c e a n d st a bilit y ( W ei et al., 2 0 1 6 ) i n t h e 

s oil m atri x. T h e p att er n s a n d ti m e s c al e s of s oil pr o p ert y d e v el o p m e nt 

a n d S O C st or a g e pl a y a n i nt e gr al r ol e i n c o n n e cti n g t h e tr aj e ct or y of s oil 

d e v el o p m e nt a n d S O C st o c k s ( B al d o c k a n d S kj e m st a d, 2 0 0 0; L a wr e n c e 

et al., 2 0 2 1 ). 

Cl a y- si z e d  p arti cl e s  h a v e  l o n g  b e e n  h y p ot h e si z e d  t o  b e  o n e  of  t h e 

m o st i m p ort a nt s oil pr o p erti e s c o n d u ci v e t o mi n er al a s s o ci at e d or g a ni c 

c ar b o n  ( M A O C)  pr ot e cti o n  ( Kl e b er  et  al.,  2 0 2 1;  Si x  et  al.,  2 0 0 0 ),  b y 

pr o vi di n g  l ar g e  a m o u nt s  of  s urf a c e  ar e a  t o  f or m  or g a n o- mi n er al 

Fi g. 1. M a p of t err a c e l o c ati o n s f or s oil c hr o n o s e q u e n c e o v er sl o p e a n gl e m a p m o di fi e d fr o m Al m o n d et at. ( 2 0 0 7). T err a c e ri s er s ( w hit e li n e s) a n d s oil pit l o c ati o n s 

( bl a c k d ot s) r e pr e s e nt sit e s of s oil s d et ail e d i n Al m o n d et al. ( 2 0 0 7) . 

T a bl e 1 

Sit e c h ar a ct eri sti c s.  

T err a c e  A g e 

( k yr) 

El e v ati o n 

( m)e 

D e pt h of 

w e at h e ri n g ( c m) f 

M A P 

( m m) g 

M A A T 

(℃ ) g 

T 1 a  0. 0 4 1 a  8 5. 5 *  4 0 1, 8 0 0  1 0. 5 

T 1 b  1 b  8 5. 5 *  7 7 1, 8 0 0  1 0. 5 

T 2  3 0 c  8 9. 0  1 0 9 1, 9 0 0  1 1 

T 3  6 9 d  9 4. 3  2 6 0 1, 9 0 0  1 1 

T 4  1 4 0 d  1 0 6. 9  3 1 0 2, 4 0 0  1 1 

T 5  2 0 0 d  1 1 7. 6  4 6 0 2, 4 0 0  1 1 

T 6  9 0 8 d  2 4 8. 9 > 9 1 0 2, 5 5 0  9. 5 

T 7  9 9 0 d  2 6 3. 8 > 1, 1 0 0 2, 5 5 0  9. 5  

a T 1 a a g e i s b a s e d o n t h e o c c urr e n c e of a si g ni fi c a nt fl o o d i n 1 9 6 4. S a m pl e s 

w er e c oll e ct e d i n 2 0 0 5 s o w e a p pli e d a n a g e of 4 1 y e ar s; 
b T 1 a g e of 3. 5 k yr w a s b a s e d o n r a di o c ar b o n d ati n g of d etrit al c h ar c o al fr o m 

Al m o n d et al., ( 2 0 0 7) . W e e sti m at e d a n a g e f or T 1 b b y a s s u mi n g it i s y o u n g er 

t h a n t h e f o urt h b uri e d s oil; 
c f r o m Al m o n d et al. ( 2 0 0 7) , b a s e d o n r a di o c ar b o n d ati n g of d etrit al c h ar c o al; 
d f r o m Al m o n d et al. ( 2 0 0 7) , b a s e d o n el e v ati o n, u plift r at e s a n d b a c k c al c u-

l ati o n fr o m i n ci si o n r at e s; 
e f r o m Al m o n d et al. ( 2 0 0 7) , fi el d w or k wit h G P S; 
f f r o m Al m o n d et al. ( 2 0 0 7) , e q ui v al e nt t o b a s e of s a pr olit e; 
g f r o m S oil S u r v e y of L a n d C o u nt y Ar e a, P at c hi n g, W. R., ( 1 9 8 7). 

B. D. H u nt er et al.                                                                                                                                                                                                                               
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a s s o ci ati o n s,  w hi c h  pr o vi d e s  c h e mi c al  pr ot e cti o n fr o m  d e c o m p o siti o n 

t hr o u g h  t h e  a d s or pti o n  of  O M  o nt o  mi n er al  s urf a c e s.  T hi s  c h e mi c al 

pr ot e cti o n i s c o n d u ci v e t o l o n g er m e a n r e si d e n c e s ti m e s of 1 0 t o 1, 0 0 0 of 

y e ar s c o m p ar e d t o t h e p arti c ul at e or g a ni c c ar b o n ( P O C) fr a cti o n w hi c h 

i s eit h er fr e e fi o ati n g or p h y si c all y pr ot e ct e d t hr o u g h o c cl u si o n i n a g-

gr e g at e s ( Bl a n c o- C a n q ui a n d L al, 2 0 0 4; R a s m u s s e n et al., 2 0 0 5; T ot s c h e 

et al., 2 0 1 8 ), (L a v all e e et al., 2 0 2 0; L e h m a n n a n d Kl e b er, 2 0 1 5 ). H o w-

e v er,  a  m yri a d  of  st u di e s  h a v e  f o u n d  t h at  it  i s  n ot  o nl y  t e xt ur e,  b ut 

Fi g. 2. D e pt h w ei g ht e d δ j,w ( k g m − 3 ) f o r s oil d e pt h i nt er v al s 0 – 3 0 c m, 3 0 – 1 0 0 c m a n d b el o w 1 0 0 c m. L eft c ol u m n - d e pt h w ei g ht e d m a s s c h a n g e f or M g, K, C a, N a, Al, 

F e a n d Si. T h er e i s Si l o s s wit h a g e f or all d e pt h i nt er v al s. Ri g ht c ol u m n – z o o m e d i n d e pt h w ei g ht e d m a s s c h a n g e f or M g, K, C a, N a, Al, a n d F e. T h er e i s Al a n d F e 

e nri c h m e nt a n d M g, K, C a, a n d N a d e pl eti o n wit h a g e f or all d e pt h i nt er v al s. 

B. D. H u nt er et al.                                                                                                                                                                                                                               
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mineral composition as well that influences how well a clay or silt size 
particle will protect SOC (Rasmussen et al., 2018). Specifically, poorly 
crystalline minerals (PCMs) containing Fe and Al have been shown to 
have a strong positive association with SOC content (Lawrence et al., 
2015; Masiello et al., 2004). As such, understanding how the abundance 
of PCMs evolves in the critical zone (CZ) is important for SOC prediction 
and modeling (Slessarev et al., 2022). 

During pedogenesis Al rich minerals, such as feldspars, and Fe- 
bearing primary minerals, such as biotite and magnetite, weather and 
alter to form nanocrystalline hydroxide-rich secondary minerals that 
then slowly polymerize through dehydration to form stable crystalline 
secondary minerals. Poorly crystalline Fe-oxides are composed of crys
tallites of ferrihydrite or nano-goethite and Al-hydroxides and oxy
hydroxides, are composed of crystallites of allophane, imogolite, and 
halloysite. Due to their nano-crystalline structure, PCMs have extremely 
high surface area and a mix of charges that are conducive to creating 
organo-mineral associations that protect OM organic matter from mi
crobial decomposition (Eusterhues et al., 2003; Kaiser and Guggen
berger, 2003; Kleber et al., 2015; Lawrence et al., 2021; Mikutta et al., 
2005; Mudd and Yoo, 2010; Parfitt and Childs, 1988; Yoo and Jelinski, 
2016). Although PCMs may make up a small fraction of the total mineral 
content of the soil, this fraction can account for a disproportionate 
amount of the total SOC storage. For example, across a chronosequence 
(300 yr to 4,100 kyr) of volcanic soils on the Island of Hawaii, Torn et al. 
(1997) found that organic matter sorbed to non-crystalline clays 
accounted for 40% of OC content variation in all mineral horizons. 
However, over long timescales PCMs are metastable and weather to 
more crystalline Fe and Al bearing clays, such as goethite or kaolinite 
respectively, which have lower surface area and less reactive surfaces to 
bond with OM (Chorover et al., 2004; Garcia Arredondo et al., 2019; 
Masiello et al., 2004; Torn et al., 1997). Torn et al. 1997 documented 
this shift when they saw a peak in PCMs and SOC on 150 kyr lava flows 

and an increase in crystalline forms accompanied by a drop in SOC 
stocks for older surfaces approaching 1 Ma. Analysis of OM association 
with PCM at depth is important to characterize because the abundance 
of PCMs is variable with depth as well as with age. 

Historically, most studies focus on SOC measurements in the top 30 
cm (Yost and Hartemink, 2020), where the highest density of SOC is 
typically observed. However, a growing number of studies highlight the 
significant contribution of deep SOC stocks in many landscapes 
(Fontaine et al., 2007; Harper and Tibbett, 2013; Jobbagy and Jackson, 
2000; Moreland et al., 2021). Fluxes of OM decrease with depth, 
contributing to observed rapid decline in SOC content in deeper soil 
horizons. Nevertheless, microbial activity, root exudates, and infiltra
tion of dissolved organic carbon (DOC) supply deep regolith with OM 
(Guggenberger and Kaiser, 2003; Kaiser and Kalbitz, 2012; Sanderman 
et al., 2008; Sanderman and Amundson, 2008). SOC in deep horizons are 
sometimes considered to be recalcitrant with limited ability to be 
degraded by microbes (Rumpel and Kogel-Knabner, 2011), but potential 
turnover and accessibility may be greater than previously thought. 
While most studies of deep SOC have been conducted on landforms 
underlain by thick unconsolidated deposits, the potential for SOC stor
age in weathered bedrock must be evaluated (Harper and Tibbett, 2013; 
Lal, 2018; Moreland et al., 2021; Riebe et al., 2017; Georgiou et al., 
2022). For example, Moreland et al. (2021) found on average that 74% 
of OC was located below the A horizon and that up to 30% was stored in 
saprolite, material where original rock fabric is maintained but weath
ering has increased friability and porosity (Graham et al., 2010) across a 
bio-climosequence in the Sierra Nevada, California. Work by Riebe et al. 
(2017) focused on deciphering the range of mechanisms that may con
trol the penetration depth of the critical zone into bedrock. These deep 
CZ forming mechanisms have not been applied to consider their influ
ence on SOC stocks. As a result, factors operating over a range of scales 
such as tectonic stresses, frost weathering (Marshall et al., 2015), and 
groundwater dynamics (Rempe and Dietrich, 2014), which have been 
proposed to set critical zone depth, may play a role in determining the 
depth, magnitude, and stability of SOC stocks. 

Here, we synthesize previous data and analyses (Almond et al., 2007; 
Lindeburg et al., 2013) with new analysis of the Siuslaw River Chro
nosequence (SRC) soils from terraces in the Oregon Coast Range (OCR) 
to quantify what controls SOC density, total SOC storage, and the 
timescales and depths at which controlling variables are significant. We 
perform a geochemical mass balance, analyze total soil organic carbon 
stocks, and connect geochemical and physical properties to SOC content 
to advance our understanding of how weathering alters mineral as
semblages, thus soil geochemistry, and influences SOC storage. We 
partition our analysis into three depth intervals: 0 30, 30 100, and 

100 cm, in addition to an analysis of full soil profiles to parse out 
variable controls on SOC storage with soil development. We also use the 
chronosequence to analyze the timescales of PCM production and sub
sequent conversion to more crystalline Fe and Al forms and their 
accompanying association with SOC. Specifically, we seek to determine 
if a sweet spot or peak of PCM concentration is observed along the 
SRC, and if an associated peak in SOC storage is present, as has been 
observed in a limited number of studies conducted in settings with 
volcanic substrate (Lawrence et al., 2015; Torn et al., 1997). Further, 
determining the timescales of weathering products that regulate SOC 
storage could motivate efforts to couple geomorphic, geochemical, and 
biological models for land management practices that optimize SOC 
storage. 

2. Materials and methods 

2.1. Study Region: Oregon Coast range 

Hillslopes in the Oregon Coast Range are soil mantled and tend to be 
steep and highly dissected with relatively uniform ridge and valley 
terrain that is sculpted by shallow landslides, debris flows, and fluvial 

Table 2 
Terrace soil organic carbon (SOC) stocks (kg m2) for total profile and each depth 
interval.    

SOC Stock (kg m2) 

Terrace Age (kyr) 0 30 cm 30 100 cm 100 cm Total 

T1a 0.041  1.97  0.69  0.00  2.66 
T1b 1  3.45  3.33  0.00  6.78 
T2 30  14.27  11.16  3.21  28.65 
T3 69  11.16  4.51  4.43  20.09 
T4 140  4.88  5.92  5.01  15.81 
T5 200  11.57  10.00  7.76  29.32 
T6 908  8.04  7.85  15.24  31.12 
T7 990  11.06  7.84  13.09  31.99  

Table 3 
R-squared values for SOC density (kg m 3) and variables with analysis for all 
samples and subsets of samples for intervals 0 30, 30 100, and 100 cm.   

Full Profile 0 30 cm 30 100 cm 100 cm 

Age (kyr)  0.009  0.052  0.026  0.066 
CEC (cmolc kg 1)  0.663  0.794  0.699  0.000 
Ald (g kg 1)  0.517  0.588  0.300  0.578 
Alo (g kg 1)  0.590  0.604  0.398  0.331 
Alp (g kg 1)  0.728  0.581  0.531  0.281 
Fed (g kg 1)  0.000  0.194  0.011  0.018 
Fep (g kg 1)  0.832  0.712  0.677  0.156 
Feo (g kg 1)  0.494  0.404  0.314  0.158 
0.5 Feo Alo (g kg 1)  0.607  0.584  0.408  0.364 
Sand %  0.034  0.197  0.078  0.260 
Silt %  0.047  0.464  0.340  0.194 
Clay %  0.010  0.024  0.006  0.440 
Center Depth (cm)  0.243  0.143  0.326  0.358 
pH  0.000  0.312  0.082  0.075 
SOC %  0.945  0.918  0.964  0.978  
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i n ci si o n  (Di etri c h  a n d  D u n n e,  1 9 7 8;  M o nt g o m er y,  2 0 0 1;  R e n e a u  a n d 

Di etri c h,  1 9 9 1 ).  M u c h  of  w e st er n  Or e g o n  i s  u n d erl ai n  b y  a  t hi c k 

s e q u e n c e of E o c e n e s e di m e nt ar y r o c k s t h at i n cl u d e t h e T y e e F or m ati o n, 

a  s a n d-ri c h  s e q u e n c e  of  t ur bi dit e  d e p o sit s  ( C h a n  a n d  D ott,  Jr.,  1 9 8 3; 

H ell er  a n d  Di c ki n s o n,  1 9 8 5;  L o v ell,  1 9 6 9 )  t h at  o v erli e  v ol c a ni c  b a s e -

m e nt r o c k s a s s o ci at e d wit h Sil et zi a ( W ell s et al., 2 0 1 4, 1 9 9 8; W ell s a n d 

H ell er, 1 9 8 8; W ell s a n d M c C affr e y, 2 0 1 3 ). L o n g-t er m r o c k u plift r at e s 

m e a s ur e d  vi a  m ari n e  t err a c e s  v ar y  fr o m < 0. 1  t o  0. 3  m m  yr − 1 i n  t h e 

r e gi o n ( B e s c ht a, 1 9 7 8; K el s e y et al., 1 9 9 6 ), w hi c h ar e si mil ar t o er o si o n 

r at e s m e a s ur e d b y c o s m o g e ni c r a di o n u cli d e s a n d s u s p e n d e d s e di m e nt 

r e c or d s of 0. 0 6 t o 0. 1 5 m m yr − 1 (H ei m s at h et al., 2 0 0 1; M ar s h all et al., 

2 0 1 7;  P e n s eri ni  et  al.,  2 0 1 7;  R e n e a u  a n d  Di etri c h,  1 9 9 1 ).  I n  g e n er al, 

l o n g-t er m u plift r at e s ar e l o w er t h a n g e o d eti c u plift r at e s, r e fi e cti n g t h e 

e art h q u a k e d ef or m ati o n c y cl e ( Mit c h ell et al., 1 9 9 4 ). 

Fi g. 3. D e pt h w ei g ht e d a v er a g e s o v er ti m e f or t h e dit hi o nit e- citr at e- bi c ar b o n at e ( F e d - bl u e cir cl e), o x al at e ( F e o - or a n g e tri a n gl e), a n d s o di u m p yr o p h o s p h at e ( F e p - 

y ell o w s q u ar e) e xtr a cti o n s f or d e pt h i nt er v al s 0 – 3 0 ( A ) , 3 0– 1 0 0 ( B ), a n d > 1 0 0 c m ( C ). F e d, a pr o x y f or cr y st alli n e F e f or m s, i n cr e a s e s wit h t err a c e a g e r e a c hi n g a 

m a xi m u m at 9 9 0 k yr i n t h e 3 0 – 1 0 0 c m i nt er v al. P o orl y cr y st alli n e mi n er al s ( P C M s), a p pr o xi m at e d b y F e o, a n d or g a n o- m et al c o m pl e x e s ( F e p) ar e e m p h a si z e d i n t h e 

ri g ht c ol u m n. P C M s p e a k i n b ot h t h e 0 – 3 0 a n d 3 0 – 1 0 0 c m i nt er v al s at 3 0 k yr, t h e n d e cli n e wit h t err a c e a g e. Err or b ar s r e pr e s e nt t h e st a n d ar d d e vi ati o n s of m e a s ur e d 

v al u e s i n t h e i nt er v al. 
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T h e r e gi o n i s c h ar a ct eri z e d b y a M e dit err a n e a n cli m at e wit h w ar m 

s u m m er s wit h mi ni m al pr e ci pit ati o n a n d w et a n d c o ol c o n diti o n s i n t h e 

wi nt er  ( P at c hi n g,  1 9 8 7 ).  W e st er n  O C R  h a s  a  m e a n  a n n u al  a v er a g e 

t e m p er at ur e  ( M A A T)  of  1 0– 1 1. 1 ℃ a n d  m e a n  a n n u al  pr e ci pit ati o n 

( M A P) b et w e e n 1, 8 0 0 – 2, 6 0 0 m m r e s p e cti v el y wit h m o st o c c urri n g b e -

t w e e n  f all  a n d  s pri n g.  T h e  d o mi n a nt  v e g et ati o n  i s  c o nif er o u s  tr e e s, 

p arti c ul arl y  D o u gl a s  fir  [ Ps e u d ots u g a  m e n zi esii ( Mir b el)  Fr a n c o ]  a n d 

W e st er n h e ml o c k [ Ts u g a h et er o p h yll a ( R af.) S ar g. ] S u b d o mi n a nt a n d l e s s 

a b u n d a nt s p e ci e s i n cl u d e Sit k a s pr u c e [ Pi c e a sit c h e nsis ( B o n g.) C arr. ] a n d 

W e st er n r e d c e d ar [ T h uj a pli c at a ( D o n n) e x D. D o n ]. T h e u n d er st or y i n 

t h e  r e gi o n  h o st s  s al al  (G a ult h eri a  s h all o n P ur s h),  s al m o n b err y  ( R u b us 

s p e ct a bilis P ur s h), a n d e v er gr e e n h u c kl e b err y ( V a c ci ni u m o v at u m P ur s h) 

(P at c hi n g, 1 9 8 7 ). Wi d e s pr e a d fir e m a n a g e m e nt b y i n di g e n o u s p e o pl e s 

a s w ell a s st a n d-r e pl a ci n g flr e s h a v e b e e n d o c u m e nt e d hi st ori c all y a n d 

l a k e c or e s r e v e al H ol o c e n e flr e r et ur n i nt er v al s of 2 0 0– 3 0 0 y e ar s ( G a vi n 

et  al.,  2 0 0 3;  L o n g  et  al.,  1 9 9 8 ).  M or e  r e c e ntl y,  t h e  r e gi o n  h a s  b e e n 

s u bj e ct t o wi d e s pr e a d ti m b er h ar v e st a cti vit y f or t h e p a st 8 0 – 1 0 0 y e ar s. 

Fi g. 4. D e pt h w ei g ht e d a v er a g e s o v er ti m e f or cl a y ( y ell o w di a m o n d), silt ( gr e e n s q u ar e), a n d s a n d ( p ur pl e cir cl e) p er c e nt d e pt h i nt er v al s 0 – 3 0 ( A), 3 0 – 1 0 0 ( B), a n d 

> 1 0 0 c m ( C). Y o u n g s oil s ar e d o mi n at e d b y s a n d u ntil ~ 3 0 k yr w h er e cl a y p er c e nt i s t h e hi g h e st. Silt i n cr e a s e s wit h cl a y u ntil ~ 3 0 k yr w h er e it b e gi n s t o d e cli n e. 
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2. 2. Si usl a w Ri v er s oil c hr o n os e q u e n c e 

Al m o n d et al. ( 2 0 0 7) i d e nti fi e d a n d a n al y z e d s oil s fr o m t h e Si u sl a w 

Ri v er C hr o n o s e q u e n c e ( S R C) t h at c o n si st s of 7 di sti n ct s urf a c e s cr e at e d 

b y fi u vi al i n ci si o n ( T 1- T 7; Fi g. 1 ). T h e s e t err a c e s w er e c ar v e d b y pr o -

gr e s si v e  l at er al  mi gr ati o n  of  a  l ar g e  b e dr o c k  m e a n d er  i n  t h e  Si u sl a w 

Ri v er i n t h e c e ntr al s e cti o n of t h e O C R. T 1- T 5 w er e s a m pl e d u ntil a u g er 

r ef u s al, c oi n ci d e nt wit h u n w e at h er e d b e dr o c k. S a m pli n g o n T 6 a n d T 7 

w a s  li mit e d  b y  t h e  pr a cti c aliti e s  of  h a n d  a u g eri n g  t o  9  a n d  1 0  m, 

r e s p e cti v el y (f or m or e d et ail s o n s a m pl e c oll e cti o n s e e Al m o n d et al., 

2 0 0 7 ). I n al m o st all c a s e s, s urf a c e s ar e str at h t err a c e s w hi c h ar e c h ar -

a ct eri z e d  b y  1  t o  2  m  of  fl u vi al  s e di m e nt  o v er  b e v el e d  b e dr o c k.  T h e 

l o w e st t err a c e ( T 1) i s t h e e x c e pti o n, w hi c h i n cl u d e s > 2 m of o v er b a n k 

s e di m e nt  wit h  i nt er c al at e d  b uri e d  s oil s.  T h e  flr st  fl v e  fi u vi al  t err a c e s 

( T 1- T 5) n arr o w a s t h e y i n cr e a s e i n el e v ati o n a n d a g e. T h e ol d e st t err a c e s 

( T 6 a n d T 7) ar e n arr o w b ut w ell- d e fi n e d s urf a c e s t h at ar e r e m n a nt s of 

m u c h m or e e xt e n si v e s urf a c e s t h at h a v e b e e n tr u n c at e d b y pr o gr e s si v e 

u plift a n d er o si o n of t h e ri d g e d e fi n e d b y t h e m e a n d er ( Fi g. 1 ). 

T err a c e a g e s f or T 1 a n d T 2 w er e d et er mi n e d b y r a di o c ar b o n d ati n g 

w hil e a g e s f or T 3 t o T 7 w er e d eri v e d fr o m a n i n ci si o n r at e of 0. 1 8 ±

0. 0 4 m m yr − 1 a n d el e v ati o n a b o v e m o d er n c h a n n el (f urt h er d et ail s o n 

d ati n g m et h o d s f o u n d i n Al m o n d et al., 2 0 0 7 ). F or t h e p ur p o s e s of t hi s 

st u d y, w e s e p ar at e d t h e s oil of T 1 i nt o 4 u nit s ( T 1 a – T 1 d) c orr e s p o n di n g 

t o 3 i n di vi d u al b uri e d s oil s a n d a c a p pi n g fi o o d d e p o sit a s s o ci at e d wit h a 

r e gi o n all y si g ni fl c a nt fi o o d i n 1 9 6 4 ( H arr, 1 9 8 1 ). W e li mit e d o ur a n al -

y si s fr o m t h e t o p t w o: T 1 a a n d T 1 b ( A p p e n di x Fi g. A 1 ). T 1 a, cl a s si fi e d a s 

a n  E nti s ol  b y Al m o n d  et  al.  ( 2 0 0 7) ,  c o n si st s  of  s a n d y  a n d  r el ati v el y 

u n w e at h er e d m at eri al r e fl e cti n g hi st ori c d e p o siti o n a n d mi ni m al alt er -

ati o n, o v erl ai n b y a 1 0 c m t hi c k A h ori z o n. T 2 i s c h ar a ct eri sti c of a n 

I n c e pti s ol wit h a t hi c k A h ori z o n a s w ell. W e a p pli e d a n a g e of 4 1 y e ar s t o 

T 1 a d et er mi n e d b y t h e ti m e b et w e e n s a m pl e c oll e cti o n ( 2 0 0 5) a n d fl o o d 

( 1 9 6 4). F or T 1 b, t h e y o u n g e st of t h e b uri e d s oil s i n T 1, w e i nt er p ol at e d 

a n a g e of 1 k yr + /- 5 0 0 yr s, wit h t h e a s s u m pti o n it i s y o u n g er t h a n t h e 

ol d e st b uri e d s oil w h er e r a di o c ar b o n d at e s of m at eri al at t h e b a s e s u g -

g e st 3. 5 k yr ( T a bl e 1 ). O b s er v ati o n s fr o m Al m o n d et al 2 0 0 7 d e m o n -

str at e u ni s e q u al p e d o g e ni c d e v el o p m e nt a s T 2 t o T 5 pr o gr e s s fr o m a n 

I n c e pti s ol t o Al fi s ol t o a n Ulti s ol. B ot h T 6 a n d T 7 ar e cl a s si fi e d a s Ulti s ol s 

a s w ell. 

Al m o n d et  al. ( 2 0 0 7) c ali br at e d a s oil c hr o n of u n cti o n f or t h e S R C 

t h at c o n n e ct s t h e r u bi fi c ati o n of s oil s t o s oil pr o p erti e s a n d a g e ( S w e e n e y 

et al., 2 0 1 2 ). T h e y d e m o n str at e d t h at m e a n s oil r e si d e n c e ti m e v ari e s 

l o c all y  b y  or d er s  of  m a g nit u d e  i n  r e s p o n s e  t o  str e a m  c a pt ur e,  d e e p- 

s e at e d  l a n d sli di n g,  a n d  l at er al  c h a n n el  mi gr ati o n. Li n d e b ur g  et  al. 

( 2 0 1 3) f urt h er e d t hi s a n al y si s a n d e x pl or e d t h e c uri o u s l a c k of p o d s ol-

i z ati o n  i n  t h e  Si u sl a w  c hr o n o s e q u e n c e,  w hi c h  c o ntr a st s  wit h  m ari n e 

t err a c e s f o u n d at si mil ar l atit u d e al o n g Or e g o n C o a st, wit h d et ail e d s oil 

c h e mi c al, p h y si c al a n d mi n er al o gi c al a n al y si s of t h e S R C s oil s. T h e a u -

t h or s p o st ul at e t h at lit h ol o g y, v e g et ati o n or cli m at e al o n e d o n ot c o ntr ol 

t hi s a n d c o ul d b e t h e r e s ult of m ulti pl e c o m bi n e d f a ct or s. S u c h a s, dr y er 

i nl a n d s oil s, hi g h er p H i n s urf a c e s oil s, a n d m or e r a pi d i n cr e a s e i n cl a y s 

i n t h e i nl a n d fl u vi al S R C c hr o n o s e q u e n c e. T h eir m e a s ur e m e nt s i n cl u d e d 

O C c o nt e nt, s oil t e xt ur e, p H, g e o c h e mi str y, mi n er al o g y, a n d c o n d u ct e d 

ir o n a n d al u mi n u m e xtr a cti o n s a cr o s s a g e a n d d e pt h. T h e y o b s er v e d a n 

i n cr e a s e i n Al a n d F e wit h a g e t h at s u p p ort s t h e r u bi fi c ati o n  of s oil s. 

H er e w e e x p a n d u p o n Li n d e b ur g et al. ( 2 0 1 3) S O C a n al y si s t o i n cl u d e 

s oil d e pt h s > 1 m a n d a n al y z e t h e c o ntr ol s of S O C d e n sit y wit h a g e a n d 

d e pt h  a n d  t h e  c o n n e cti o n s  t o  Al  a n d  F e  mi n er al  e v ol uti o n  wit h  s oil 

d e v el o p m e nt. 

2. 3. El e m e nt al m ass c h a n g e c al c ul ati o ns 

W e c h ar a ct eri z e d h o w w e at h eri n g alt er e d t h e c hr o n o s e q u e n c e s oil s 

a n d t h eir af fi nit y f or or g a ni c m att er t hr o u g h ti m e t hr o u g h c h a n g e s i n 

s oil g e o c h e mi str y. M aj or el e m e nt c o n c e ntr ati o n s w er e m e a s ur e d f or M g, 

K, C a, N a, Al, F e, a n d Si b y X-r a y fl u or e s c e n c e ( X R F) at A L S Mi n er al s, 

R e n o, N V. W e c al c ul at e d a b s ol ut e m a s s c h a n g e s of a s p e ci fi c el e m e nt j i n 

w e at h er e d m at eri al w, (m j, fl u x), p e r u nit v ol u m e of p ar e nt r o c k V p a c -

c o r di n g  t o  t h e  f oll o wi n g  m a s s  b al a n c e  f or m ul ati o n  ( A n d er s o n  et  al., 

2 0 0 2;  Bri m h all  et  al.,  1 9 9 1;  Bri m h all  a n d  Di etri c h,  1 9 8 7;  C h a d wi c k 

et al., 1 9 9 0 ): 

δ j,w =
m j,fl u x

V p

=
1

1 0 0
(C j,w ρ p

C i,p

C i,w

− ρ p C j,p ) ( 1)  

w h e r e C j i s t h e c o n c e ntr ati o n i n w ei g ht p er c e nt of el e m e nt j, ρ [ M L - 3] i s 

t h e b ul k d e n sit y, m j i s t h e m a s s fl u x of el e m e nt j. T h e s u b s cri pt i r ef er s t o 

a n i m m o bil e el e m e nt. W e u s e Zr a s o ur r ef er e n c e i m m o bil e el e m e nt a n d 

all u vi u m f or t h e r ef er e n c e p ar e nt m at eri al f or T 1- T 5 a n d u n w e at h er e d 

b e dr o c k f or T 6 a n d T 7. N e g ati v e δ j,w v al u e s i n di c at e el e m e nt al l o s s a n d 

p o siti v e v al u e s r e pr e s e nt a c c u m ul ati o n or g ai n. T o i d e ntif y t h e v ari a bl e 

ti m e s c al e s of w e at h eri n g a n d el e m e nt al c h a n g e s wit h s oil d e v el o p m e nt, 

w e c al c ul at e d d e pt h w ei g ht e d δ j,w a v e r a g e s f o r t h e s oil i nt er v al s 0 – 3 0, 

3 0 – 1 0 0, a n d > 1 0 0 c m ( Fi g. 2 ). 

2. 4.  Or g a ni c c ar b o n c al c ul ati o ns 

Li n d e b ur g et  al. ( 2 0 1 3) m e a s ur e d or g a ni c  c ar b o n ( O C)  of t h e  fi n e 

fr a cti o n s oil (< 2 m m). Fr o m t h eir m e a s ur e d S O C % v al u e s ( s e e T a bl e A. 1 

f or v al u e s), w e c al c ul at e d S O C d e n sit y a s a m a s s p er v ol u m e [ M L- 3]. F o r 

e a c h  i nt er v al  of  s oil  d e pt h  s a m pl e d  a n d  a n al y z e d,  w e  c al c ul at e S O C 

d e nsit y i n wit hi n a h ori z o n a s: 

S O C d e nsit y = 0 .0 1⋅ % S O C ⋅ρ n , t ot al ( 2)  

w h e r e ( ρ n ,t ot al) i s d r y t ot al b ul k d e n sit y [ M L - 3]. C o a r s e m at eri al ( > 2 m m) 

w a s n e gli gi bl e f or all sit e s, b e si d e s o n h ori z o n i n T 4 w h er e e vi d e n c e of a 

p ot e nti al d e bri s fl o w d e p o sit e xi st s at d e pt h ( Al m o n d et al., 2 0 0 7 ), t h u s 

w e d o n ot i n c or p or at e a c o ar s e fr a cti o n c orr e cti o n i nt o o ur b ul k d e n sit y 

c al c ul ati o n s. T hi s c o ul d r e s ult i n a sli g ht o v er e sti m ati o n of S O C d e n sit y 

f or t h at s oil d e pt h at T 4. 

W e c al c ul at e d S O C st o c k [ k g C m − 2 ] f o r e a c h s oil h ori z o n b y m ulti -

pl yi n g t h e h ori z o n S O C d e nsit y a n d t h e h ori z o n t hi c k n e s s ( h ) [ L ], t h e n 

s u m mi n g  all  s oil  h ori z o n  S O C  st o c k  v al u e s  i n  t h e  pr o fil e  ( T a bl e  2 ). 

A d diti o n all y,  w e  c al c ul at e d  t h e  S O C  st o c k  f or  d e pt h  i nt er v al s;  0 – 3 0, 

3 0 – 1 0 0,  a n d > 1 0 0  c m  t o  d et er mi n e  h o w  s oil  d e pt h  m o d ul at e s  t h e 

i nt er pl a y  b et w e e n  m e a s ur e d  s oil  pr o p erti e s  a n d S O C  d e nsit y ( s e e 

T a bl e 3 ). 

Fi g.  5. T ot al  S O C  st o c k  ( k g m − 2 )  f o r  e a c h  t err a c e.  Li g ht  bl u e  r e pr e s e nt s  S O C 

st or e d i n t h e t o p 3 0 c m of e a c h pr o fil e, bl u e i s S O C i n 3 0 – 1 0 0 c m, a n d d ar k bl u e 

i s S O C st or e d b el o w 1 0 0 c m. S O C i n t h e t o p 3 0 c m d o mi n at e s y o u n g er t err a c e s, 

b ut a s s oil a g e i n cr e a s e s ( a n d s oil d e pt h i n cr e a s e s), S O C st or e d b el o w 1 0 0 c m 

b e gi n s t o pl a y a l ar g er r ol e. I n T 6 ( 9 0 8 k yr) a b o ut 4 8 % of t ot al S O C i s st or e d 

b el o w 1 0 0 c m. S O C st o c k b el o w 1 0 0 c m i s r e m o v e d i n i n s et A. W h e n S O C > 1 0 0 

c m  i s  e x cl u d e d,  S O C  st o c k  p e a k s  ar o u n d  3 0  k yr,  b ut  t h e n  d e cli n e s  wit h  a g e, 

w hi c h d e m o n str at e s t h e si g ni fi c a n c e of S O C b el o w 1 0 0 c m. 
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2. 5. Ir o n e xtr a cti o ns 

W e c h ar a ct eri z e t h e e v ol uti o n of or g a n o- m et al c o m pl e x e s, P C M, a n d 

cr y st alli n e  p e d o g e ni c  mi n er al  c o n c e ntr ati o n s  a n d  h o w  t h e y  r el at e  t o 

S O C  c o nt e nt  b y  c orr el ati n g  pr e vi o u sl y  m e a s ur e d  a n d  p u bli s h e d  c o n -

c e ntr ati o n s of t hr e e F e a n d t w o Al e xtr a ct a bl e fr a cti o n s c o n d u ct e d b y 

Li n d e b ur g et al. ( 2 0 1 3) t o S O C d e n sit y m e a s ur e m e nt s. Li n d e b ur g et al. 

( 2 0 1 3) c o n d u ct e d t hr e e s e p ar at e e xtr a cti o n s i n p ar all el; 1) s o di u m p y -

r o p h o s p h at e ( Al p a n d F e p), w hi c h i s e x p e ct e d t o r e fi e ct t h e or g a ni c all y 

c o m pl e x e d  m et al s  ( M c K e a g u e,  1 9 6 7 ),  2)  a m m o ni u m  a ci d  o x ali c  a ci d 

b uff er e d  at  p H  3  ( Al o  a n d  F e o)  w hi c h  i s  e x p e ct e d  t o  i s ol at e  P C M s  i n 

a d diti o n t o p h a s e s e xtr a ct e d b y Al p a n d F e p, s u c h a s f erri h y drit e a n d 

n a n o- cr y st alli n e g o et hit e ( M c K e a g u e a n d D a y, 1 9 6 6 ), a n d 3) dit hi o nit e- 

citr at e- bi c ar b o n at e  e xtr a cti o n  of  F e  ( F e d)  i s  e x p e ct e d  t o  e xtr a ct  cr y s -

t alli n e  F e  f or m s  i n  a d diti o n  t o  p h a s e s  e xtr a ct e d  b y  o x al at e  a n d  p yr o -

p h o s p h at e  e xtr a cti o n s  ( M e hr a  a n d  J a c k s o n,  1 9 5 8 ).  Si n c e  F e  a n d  Al 

e xtr a cti o n s  w er e  d o n e  i n  p ar all el,  t h u s  s o m e  o v erl a p  b et w e e n  e xtr a c -

ti o n s  i s  e x p e ct e d. Li n d e b ur g  et  al.  ( 2 0 1 3) r e p ort e d  a < 6 %  v ari ati o n 

a n al yti c al r e pli c at e s of p e d o g e ni c o xi d e m e a s ur e m e nt s. T o s h o w tr e n d s 

wit h  s oil  a g e  a n d  d e pt h,  w e  c al c ul at e d  a  d e pt h- w ei g ht e d  a v er a g e  f or 

e a c h  e xtr a cti o n.  A d diti o n all y,  w e  a p pr o xi m at e d  s h ort-r a n g e  or d er 

mi n er al  c o n c e ntr ati o n  b y  c al c ul ati n g  Al o + 0. 5 F e o  ( Li n d e b ur g  et  al., 

2 0 1 3 ).  W e  pr e s e nt  t h e  d e pt h  v ari a bilit y  of  m e a s ur e m e nt s  u s e d  t o 

c al c ul at e t h e d e pt h w ei g ht e d a v er a g e wit hi n a d e pt h i nt er v al b y st a n -

d ar d  d e vi ati o n  of  t h e  s oil  h ori z o n  m e a s ur e m e nt s  wit hi n  e a c h  0 – 3 0, 

3 0 – 1 0 0,  a n d > 1 0 0  c m  i nt er v al  ( T a bl e  B. 1  a n d  C. 1 f or  F e  a n d  Al 

r e s p e cti v el y). 

2. 6. St atisti c al c orr el ati o n a n al ys es 

W e  u s e d  o p e n- s o ur c e  p a c k a g e s  i n  P yt h o n  t o  c al c ul at e  c orr el ati o n 

c o ef fi ci e nt s  ( T a bl e s  D. 1- 4 )  a n d  r 2 v al u e s  b et w e e n  S O C  d e n sit y,  O C %, 

t err a c e a g e, F e a n d Al e xtr a cti o n s, t e xt ur e, p H a n d c ati o n e x c h a n g e c a -

p a cit y  ( C E C).  W e  c o n d u ct e d  t hi s  a n al y si s  f or  all  l a y er s  i n  t h e  w h ol e 

pr o fll e a s w ell a s f or e a c h d e pt h i nt er v al. W e a dj u st e d t h e d e pt h s i n T 1 b, 

s o t h at t h e t o p of t h e b uri e d s oil ( b ott o m of T 1 a) i s 0 c m f or T 1 b. 

Fi g. 6. S O C d e n sit y ( k g m − 3 ) f r o m all t err a c e s a n d s oil l a y er s w h er e d at a w a s m e a s ur e d v er s u s A) F e p ( g k g − 1 ), B) F e o ( g k g − 1 ), C) F e d ( g k g − 1 ), D) Al p ( g k g − 1 ), E) 

Al o ( g k g − 1 ), F) Al o + 0. 5 F e o ( g k g − 1 ), G) C E C ( c m ol c k g − 1 ), H) Cl a y %, I) Silt %. 
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3.  R e s ult s 

3. 1. El e m e nt al m ass c h a n g e 

A s s oil s a g e, t h e y b e c o m e r el ati v el y e nri c h e d i n el e m e nt s a s s o ci at e d 

wit h s e c o n d ar y p e d o g e ni c mi n er al s, p arti c ul arl y F e a n d Al ( Fi g. 2 a). F or 

e a c h d e pt h i nt er v al, w e o b s er v e a l o s s of m or e s ol u bl e el e m e nt s, s u c h a s 

Si O 2 a n d C a O, a s t err a c e s a g e. O ur d at a s h o w t h e gr e at e st t ot al m a s s l o s s 

of Si O 2 , d u e t o hi g h c o n c e ntr ati o n s i n t h e p ar e nt m at eri al. Alt h o u g h l e s s 

pr o n o u n c e d o n a m a s s b a si s, o ur d at a al s o s h o w l o s s of M g O, K 2 O, C a O, 

a n d N a 2 O wit h s oil a g e. T h e s e r e s ult s ar e c o n si st e nt wit h ot h er st u di e s 

t h at e x a mi n e d el e m e nt al l o s s wit h c o nti n u al s oil w e at h eri n g (A n d er s o n 

et al., 2 0 0 2 ). Al2 O 3 a n d F e 2 O 3 a r e t h e o nl y t w o el e m e nt s t o b e e nri c h e d, 

wit h  F e  e x p eri e n ci n g  a n  a g e-r el at e d  i n cr e a s e  i n  el e m e nt al  m a s s.  A n 

e x c e pti o n i s pr e s e nt f or Al, w h er e Al i s l o st i n t h e > 1 0 0 c m d e pt h i nt er v al 

f or T 6 a n d T 7. 

3. 2. F e a n d Al e xtr a cti o ns 

Pr o gr e s si v e w e at h eri n g a n d s oil d e v el o p m e nt i s vi si bl e i n t h e F e a n d 

Al e xtr a cti o n d at a. T h e i n cr e a si n g f or m ati o n of cr y st alli n e p e d o g e ni c F e 

mi n er al f or m s i s s h o w n b y t h e i n cr e a s e of t h e d e pt h w ei g ht e d a v er a g e of 

F e d wit h t err a c e a g e ( Fi g. 3 ). T hi s i s tr u e f or all t hr e e d e pt h i nt er v al s, 

wit h t h e hi g h e st F e d c o n c e ntr ati o n, 6 9. 6 4 + /- 7. 7 5 g k g − 1 i n t h e 3 0– 1 0 0 

c m i nt er v al of T 6. T h er e i s a p e a k i n d e pt h- w ei g ht e d a v er a g e of 1 2. 1 8 

+ /- 0. 6 0 g k g − 1 F e o, a p p r o xi m ati n g P C M s, at 3 0 t o 6 9 k yr i n t h e t o p 

0 – 3 0 c m. A s m all er l e s s pr o n o u n c e d p e a k ~ 4. 3 7 + /- 1. 0 4 g k g − 1 o c c u r s 

f o r  t h e  a v er a g e  F e p,  a p pr o xi m ati n g  t h e  or g a n o- m et alli c  c o m pl e x e s. 

H o w e v er, t h er e i s gr e at er o v erl a p i n t h e F e p m e a s ur e m e nt s, s h o w n b y 

st a n d ar d  d e vi ati o n s  of  m e a s ur e m e nt s  i n  t h at  i nt er v al  ( bl a c k  li n e s 

t hr o u g h d at a). Si n c e P C M c o nt e nt v ari e s wit h d e pt h st a n d ar d d e vi ati o n s 

of m e a s ur e m e nt s wit hi n d e pt h i nt er v al s ar e e x p e ct e d. I n t h e 3 0 – 1 0 0 c m 

i nt er v al, w e o b s er v e a s m all p e a k i n F e o at 3 0 k yr wit h 8. 9 4 + /- 2. 7 5 g 

k g − 1 . F e p a b u n d a n c e i s mi ni m al i n t h e > 1 0 0 c m i nt er v al f or all a g e s. A s 

Fi g. 7. S O C d e n sit y ( k g m − 3 ) v s F e p ( g k g − 1 ) ( A, D, a n d G), F e o ( g k g − 1 ) ( B, E, a n d H), a n d F e d ( g k g − 1 ) ( C, F, a n d I) e xtr a cti o n s fr o m all t err a c e s a n d s oil l a y er s f or 

s oil i nt er v al s 0 – 3 0 ( A- C), 3 0 – 1 0 0 ( D- F), a n d > 1 0 0 c m ( G-I). 
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s oil s g et ol d er t h e fr a cti o n of t ot al cr y st alli n e mi n er al s ( F e d) b e c o m e s 

d o mi n a nt. 

O x al at e  a n d  p yr o p h o s p h at e  e xtr a ct a bl e  al u mi n u m  ( Al o  a n d  Al p 

r e s p e cti v el y) f oll o w si mil ar tr e n d s a s F e wit h ti m e ( A p p e n di x Fi g. B 1 ). 

Al o a n d Al p b ot h p e a k ~ 3 0 t o 6 9 k yr wit h c o n c e ntr ati o n s of 1 5. 2 0 + /- 

0. 5 6 g k g − 1 a n d 1 1. 5 0 + /- 0. 1 6 g k g − 1 r e s p e cti v el y i n t h e t o p 3 0 c m. 

T h er e ar e l e s s pr o n o u n c e d p e a k s i n t h e 3 0 – 1 0 0 c m i nt er v al ( 1 1. 0 8 + /- 

2. 9 8  g  k g − 1 a n d  5. 2 7 + /-  3. 6 7 5  g  k g − 1 r e s p e cti v el y)  a n d  o v erl a p  of 

st a n d ar d d e vi ati o n s of m e a s ur e m e nt s. B el o w 1 0 0 c m a p e a k i n Al o e x -

i st s,  b ut  t h er e  ar e  f e w  m e a s ur e m e nt s  i n  t hi s  h ori z o n  a n d  o v erl a p  i n 

v al u e s b et w e e n t err a c e s e xi st s. 

3. 3.  T e xt ur e e v ol uti o n 

S oil s  b e c o m e  i n cr e a si n gl y  fi n er  t e xt ur e d  wit h  t err a c e  a g e  d u e  t o 

i n cr e a s e d e x p o s ur e ti m e t o w e at h eri n g. Y o u n g s oil s d o mi n at e d b y s a n d 

wit h T 1 a – T 2 b ei n g > 8 0 % s a n d ( Fi g. 4 ). I n t h e 0– 3 0 a n d 3 0 – 1 0 0 c m 

i nt er v al s, t h e a v er a g e cl a y a n d silt p er c e nt v al u e s i n cr e a s e at a si mil ar 

r at e a s s a n d d e cli n e s u ntil 3 0 t o 6 9 k yr. Silt p er c e nt d e cli n e s i n s oil s > 3 0 

k yr, w hil e cl a y c o nti n u e s t o i n cr e a s e m a ki n g u p > 6 0 % of t h e s oil i n t h e 

t o p 1 0 0 c m f or t h e ol d e st t err a c e s, a s s h o w n b y t h e t o p y ell o w fr a cti o n i n 

Fi g. 4 st a c k pl ot s. I n t h e > 1 0 0 c m d e pt h i nt er v al, t h e s hift fr o m s a n d t o 

cl a y ri c h s oil s i s l e s s pr o n o u n c e d. Cl a y i n cr e a s e s fr o m ~ 2 5 % t o ~ 4 0 % 

w hil e s a n d e x p eri e n c e s a d e cli n e i n t h at r a n g e. 

3. 4.  T ot al s oil or g a ni c c ar b o n st o c ks 

T ot al S O C st o c k i s l o w i n t h e y o u n g e st s oil s ( < 5 k g m − 2 ) a n d r e a c h e s 

a m a xi m u m i n T 7 wit h ~ 3 2 k g m − 2 (Fi g. 5 a n d T a bl e A. 1 ). Pri or t o 3 0 

k yr, s oil s ar e < 1 0 0 c m t hi c k a n d S O C st o c k i n t h e t o p 3 0 c m m a k e s u p 

> 5 0 % f or T 1 a a n d T 1 b ( ~ 7 3 % a n d ~ 5 1 % r e s p e cti v el y). I n a d diti o n t o 

h a vi n g s h all o w er d e pt h s, t h u s l e s s v erti c al s p a c e t o a c c o m m o d at e S O C, 

T 1 a  a n d  T 1 b  al s o  h a v e  t h e  l o w e st  S O C  c o nt e nt  a cr o s s  all  s oil  d e pt h s 

( A p p e n di x Fi g. C. 1 ), r e s ulti n g i n l o w er t ot al st o c k s w h e n i nt e gr at e d wit h 

d e pt h. T ot al S O C st o c k i n t h e t o p 1 0 0 c m, di p s b et w e e n 3 0 a n d 6 9 k yr 

(Fi g. 5 . i n s et A) b ut i n cr e a s e s a g ai n aft er 1 2 0 k yr. C o n si st e nt wit h ot h er 

Fi g. 8. S O C d e n sit y ( k g m − 3 ) v s cl a y % ( A, D, a n d G), silt % ( B, E, a n d H), a n d s a n d % ( C, F, a n d I) e xtr a cti o n s fr o m all t err a c e s a n d s oil l a y er s f or s oil i nt er v al s 0 – 3 0 

( A- C), 3 0– 1 0 0 ( D- F), a n d > 1 0 0 c m ( G-I). 
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studies and expectations, SOC density and concentration decline with 
depth. Although SOC density is low below 100 cm, the SOC stored at 
these depths becomes a significant contributor to total SOC constituting 
~48% of the total SOC stock in the 908 kyr and ~40% in 990 kyr. 

3.5. Soil organic carbon density and geochemical and physical soil 
properties 

We correlated geochemical and physical soil properties to SOC den
sity values for all samples (from all depths and terrace ages) (Fig. 6). In 
line with previous studies (Lawrence et al., 2015; Masiello et al., 2004), 
both Alp and Fep had a positive correlation, r2 0.728 and 0.832 
respectively (Table 2) with SOC density regardless of terrace age (Fig. 6a 
and d). Alo and Feo, which extract PCM material in addition to the 
organo-mineral complexes extracted with the pyrophosphate extraction, 
are also positively correlated with SOC density (r2 0.590 and 0. 494 
respectively) (Fig. 6b and e). Terrace age appears to modify the slope of 
the Feo relationship with SOC, where SOC is more sensitive to Feo (i.e., 
steeper slope on the graph) for older terraces. This is not as prominent for 
the SOC density relationship with Alo. Fed, which also includes crystal
line forms of pedogenic Fe minerals, does not have a clear relationship 
with SOC density when analyzing samples from all depths and terraces (r2 

0.001) (Fig. 6c). However, the overall increase of Fed with terrace age 
is evident, which is consistent with the increasing crystallinity expected 
with soil age. It is also evident that clay content also increases with age, 
but there is not a corresponding increase in SOC density (r2 0.010) 
when looking at samples from all depths and terraces (Fig. 6h). 

3.5.1. Soil depth intervals: Fe and al extractions 
The relationship between SOC density and Fe and Al extractions 

varies with depth and extraction type. In the top 30 cm, SOC density 
increases with Fep (r2 0.712) and Feo (r2 0.404) concentration 
(Fig. 7a-c). Although SOC density increases with Feo in the top 30 cm, 
T1a and T1b have the lowest concentration in both SOC and Feo, which 
both increase for T2 T4. However, in the oldest three terraces (T5-T7) 
both SOC and Feo concentrations decline. Fed increases with terrace 
age, but SOC does not increase consistently in a similar fashion. There is 
an increase in SOC density in T2 that declines at T3-T4, then increases 
slightly for T6 and T7. In the 30 100 cm interval, Fep concentrations are 
lower, but a positive relationship with SOC persists (r2 0.677) 
(Fig. 7d). SOC does not increase consistently with Fed in the 30 100 cm 
interval (r 0.013), but again an increase in Fed with terrace age exists. 
Below 100 cm, SOC does not vary systematically with Fep (r2 0.156), 
Feo, (r2 0.158), or Fed (r2 0.018) (Fig. 7g - i), likely owing to very 
low concentrations of Fep and Feo, as well as low OM input at these 
depths. 

With depth, Alp and Alo follow similar trends as Fep and Feo (Ap
pendix Fig. D.1). In the top 30 cm SOC density increases with both Alp (r 

0 0.581) and Alo (r 0 0.604). With increasing depth, Alp and Alo 
concentrations become less correlated with SOC density. Alp and Alo 
concentrations in the 30 100 cm layer are lower ( 15 g kg 1) as well as 
the 100 cm interval ( 4 and 10 g kg 1 respectively). 

3.5.2. Soil depth intervals: Texture 
Younger terraces have greater sand content and lower SOC concen

tration compared to older terraces dominated by clay and silt. Our data 
show that as soils age, sand content decreases as weathering produces 
more silt and clay sized minerals. Within the whole profile, SOC density 
is negatively correlated with sand, while increasing with higher silt 
content and clay. Notably, in the top 30 cm, clay content increases with 
terrace age (Fig. 8a), but SOC is not strongly correlated to this increase 
(r2 0.024). On the other hand, SOC density does have a slight positive 
correlation with silt (r2 0.464) and weak negative correlation with 
sand in the top 30 cm (r2 0.197) (Fig. 8b, c). Clay content also in
creases with terrace age in the 30 100 cm interval, but there is no 
corresponding SOC density increase (r2 0.006) (Fig. 8 d). Sand 

decreases with terrace age, but there is not a strong correlation with SOC 
(r2 0.034) (Fig. 8 e).. Below 100 cm, SOC density increases with clay 
content (r2 0.440) (Fig. 8g). 

4. Discussion 

4.1. Siuslaw River chronosequence development and controls on soil 
organic carbon 

Our analysis of how geochemical characteristics, physical properties, 
and SOC content vary with age and depth demonstrates the key role 
weathering plays in SOC storage and distribution (Fig. 9). Young soils in 
the SRC, underlain by sandstone and mudstone, are dominated by coarse, 
relatively unweathered material made up of sand-sized mineral grains 
dominated by feldspars. As soils in the SRC age, older soils are enriched in 
quartz as plagioclase and potassium feldspars weather to secondary clay 
minerals (Lindeburg et al., 2013). This increasing degree of weathering 
with soil age is supported by the production of clay sized minerals, 
enrichment in Fe- and Al- bearing pedogenic products and depletion of 
elements like Si as leaching takes place (Fig. 2). These results complement 
the rubification of soils characterized in Almond et al. (2007) and the 
weathering patterns of the SRC reported in Lindeburg et al. (2013). 

The progressive accumulation of Al and Fe, the loss of highly mobile 
cations and other elements, as well as the increase in clay alone are not 
effective predictors of the controls on SOC accumulation and stabiliza
tion. Rather the mineral-specific weathering pathways provide key 
explanation as to where and how SOC is stored in soils and what pro
cesses are critical for soils of different ages. Specifically, the evolution of 
organo-metal complexes, poorly or nano-crystalline oxide minerals, and 
crystalline oxide phases strongly correlates with SOC storage across the 
SRC (Figs. 6 and 7). Additionally, during this mineralogical evolution, 
clay content increases - and silt in intermediate ages accompanied by a 
corresponding decline in sand-sized minerals. 

Although SOC increases with both Feo and Fep in the top 30 cm, soil 
samples cluster by terrace in the top 30 cm along the SOC-Feo and Fep 
correlations, implying that time-dependent weathering pathways retain 
a key control on SOC. In contrast, terrace ages do not align with the SOC 
vs Fep relationship indicating that soil age does not exert a strong 
control on the correlation of SOC and Fep (Fig. 7a and b). Pyrophosphate 
extractable Fe and Al, a proxy for organo-metal complexes, are immobile 
and primarily located in the top 30 cm. 

When soils are young, Feo content and SOC density are low, and 
weathering causes non-crystalline forms to develop resulting in our 
observed increase in SOC density in the top 30 cm between T2 and T4. 
When conversion to more crystalline forms occurs, Fed content increases 
and Feo declines (Fig. 3), but SOC density does not drop to the low 
values observed for younger soils. This apparent inconsistency is likely 
due to the fact that as the soils are depleted of PCMs (Feo), crystalline 
minerals (Fed) and clay content increase which provide large amounts of 
surface area as well and can form other types of organo-mineral asso
ciations that hold onto OC. 

When analyzing samples from all ages and depths, SOC is strongly 
correlated to both non-crystalline Fe extractions - Feo and Fep (Fig. 6) 
which is consistent with other chronosequence studies (Garcia Arre
dondo et al., 2019; Lawrence et al., 2015; Mainka et al., 2022; Masiello 
et al., 2004; Torn et al., 1997). The strength of the SOC relationship with 
non-crystalline extractions in the SRC, however, decreases with depth. 
In surface soils ( 30 cm), Fep and Feo are strongly correlated with SOC 
density, but in the 30 100 cm and 100 cm intervals Feo and Fep 
concentrations decline and the correlation strength with SOC deceases. 
In the SRC 0 30 and 30 100 cm intervals, both Feo and Fep concen
trations peak, particularly Feo, as non-crystalline forms progressively 
become more crystalline, indicated by an increase in Fed concentrations 
in soils 30 kyr. A drop in total SOC stock occurs during the 30 69 kyr 
time interval, as well, and does not recover high values until after 120 
kyr (Fig. 5). However, when only examining the top 100 cm, SOC stocks 
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remain low (Fig. 5 inset) suggesting that the peak observed in non- 
crystalline minerals may help facilitate a sweet spot in SOC storage. 
This peak in SOC at ~30 kyr is coincident with the peak in non- 
crystalline Fe and Al fractions and a shift in the dominant texture 
(Fig. 4). Prior to 30 kyr, sand is the dominant size fraction in the top 100 
cm, with silt and clay increasing together at a similar rate. However, for 
30 69 kyr soils, clay concentration becomes greater, while sand and silt 
begin to decline as soils become increasingly weathered. 

Although the SRC is underlain by predominantly sandstone and 
mudstone, our results accord with the conceptual model of Lawrence 
et al. (2015) developed in volcanic landscapes, which highlights how 
specific soil properties regulate SOC storage. Their conceptual model 
suggests that the relevant processes that connect SOC storage and soil 
properties vary with depth and time. Due to the shallow nature of young 
soils, the vast majority of the mineral mass is close to the surface and 
thus likely to interact with OM input and cycling from the surface. On 
the other hand, although deep soils have more total mineral mass, OM 
input is limited at depth. This contrast results in thick, highly altered, old 
soils having a greater proportion of PCM and crystalline minerals 
compared to young shallow sites, which will have higher fraction of 
organo-metal complexes. 

Lawrence et al. (2015) also reported a peak in SOC stock in shallower 
soils ( 50 cm) for 14 kyr soils in the Cowlitz River Chronosequence, 
which occurs sooner than the 30 kyr peak we observe in the SRC. 
However, these chronosequence studies are limited to the ages at which 
terraces exist and it is promising that our SRC and the Cowlitz data both 
reveal peak-SOC in shallow soils with ages of the same magnitude (104). 
Nonetheless, the age at which the peaks occur only vary by a factor of 2. 
This difference could be the result of contrasting parent material and 
terrace formation. The SRC terraces are formed from deep bedrock 
weathering (except for T1), while the Cowlitz chronosequence substrate 
is composed of glacial gravels and outwash sands. The relatively rapid 
attainment of peak SOC in shallow soils and the slightly higher SOC 
stocks at the Cowlitz chronosequence could also result from the initial 
texture, porosity, and other properties of the volcanic parent material. 
Additionally, the Cowlitz river sediments are likely derived from pri
marily basalt and andesite gravel with additional mixing of tephra and 
silt-sized volcanic sediments of the loess input (Lawrence et al., 2015). 
These materials are ideal for the rapid production of poorly crystalline 
minerals that are highly effective for bonding with SOC. Additionally 
climatic differences would also likely influence weathering rates and 
timescales of SOC accumulation and pedogenic mineral evolution. 
Lawrence et al. (2021) compared the wetter Mattole River and drier 
Santa Cruz marine chronosequences and observed that the Santa Cruz 
chronosequence has lower SOC stocks than the Mattole River. On the 
Hawaiian basalt flows, SOC in surface horizons (O and A) in Torn et al. 
(1997) peak around 20 kyr which is similar to the timescale observed for 
the SRC and the Cowlitz chronosequence. 

4.2. Critical zone development and deep soil organic carbon stocks 

Although deep carbon has frequently been neglected from prior 
studies, our findings reveal that nearly all of the total SOC stock is found 
below 100 cm within the oldest SRC soils. Interest and research in deep 
soils is increasing, but it is rare to obtain samples from below 100 cm. 
Deep soil sampling is not frequent practice because OM input and 
decomposition rates are much slower with depth due to a decline mi
crobial activity and increased protection through processes such as 
mineral associations and/or aggregate occlusion (Rumpel and Kogel- 
Knabner, 2011; Schrumpf et al., 2013). Therefore, deep carbon has often 
been thought of as having a weak influence on total SOC dynamics. 
Additionally, because sampling is difficult, deep subsoils are often 
neglected. Particularly in steep, remote terrain, it may be challenging to 
obtain samples below a certain depth due to the heterogeneity of rocky 
soils. The common focus on understanding OM dynamics in topsoil has 
resulted in a knowledge gap in understanding deep carbon dynamics and 

an underestimation of global SOC stocks (Moreland et al., 2021; Rumpel 
and Kogel-Knabner, 2011). Additionally, much of the SOC literature has 
developed through agricultural applications where topsoil character
ization is the focus coinciding with the highest concentration and rate of 
OM cycling. A recent study highlights the tendency to focus on shallow 
soils and for SOC studies published between 2004 and 2019, the average 
soil depth measured was 24 cm (Yost and Hartemink, 2020). The lack of 
understanding of deep SOC dynamics adds to the uncertainty of how soil 
perturbations (agriculture, wildfire, etc.) will affect SOC stores. 

Our results show that weathering and deep SOC are significant 
contributions to carbon stocks over long time periods. In the SRC, SOC 
stocks below 100 cm account for 25% of the total stock by 120 kyr, and 

40% of the SOC inventory by 908 kyr. Since Feo and Fep are strongly 
correlated with SOC density and decline with soil age, one might expect 
a continual decline of total SOC stock as well. However, the non- 
crystalline phases are concentrated in the top 100 cm. Although we 
observe a decline in SOC stored in the top 100 cm associated with this 
mineral control, total organic carbon continues to increase due to the 
growth of deep carbon stocks. Following the 30 kyr peak in total SOC 
stock, SOC stock begin to increase again around 120 kyr (T5 T7) as soil 
profiles become thick and highly weathered. Although deep SOC con
centration ( 1 m and up to 6 m) is relative small compared to surface 
soil, the SOC stock below 1 m can be significant. The timescale at which 
deep SOC begins to constitute a substantial component of the SOC in
ventory appears to vary with climate and parent material. Torn et al. 
(1997) attributed a total SOC stock peak at 157 kyr to a peak in total 
non-crystalline minerals present in the soil while Lawrence et al. (2015) 
had a peak in total SOC around 300 kyr, while total SOC storage in the 
SRC continues to increase even after 908kyr. 

After 120 kyr however, these deep stores become increasingly 
important contributors to total SOC storage. As non-crystalline phases 
that have large reactive surfaces areas for storing carbon are converted 
to less reactive lower-surface area crystalline phases with age and 
weathering, soil depth and clay content increase. Prior to the transition 
from poorly crystalline sand-dominated soils to crystalline clay-rich soils 
at 30 69 kyr, SOC below 100 cm was minimal. Although PCMS 
(approximated by Feo and Alo), which provide strong bonds for OM, 
decline with terrace age, SOC continues to increase. Larger accommo
dation space due to increased depth and large clay abundance to be 
stored at depth with increasing clay abundance and soil thickness. 
Implying a shift in SOC dependence on PCM phases to clay content and 
increasing soil depth and mean soil age occurs. 

Our results demonstrate that progressive thickening of the weath
ering zone can facilitate the establishment of substantial SOC stocks, 
even when SOC concentrations at depth are small (Fig. 5). The spatial 
and temporal pattern of deep weathering that affects, soil porosity, 
texture, mineralogy, etc., may result from a variety of mechanisms and 
Riebe et al. (2017) compares four hypotheses for deep bedrock weath
ering and critical zone architecture. The combined influence of topo
graphic and tectonic stresses can control the size and location of open 
fractures in the critical zone that influence fracture flow and exposure to 
atmospheric and biotic activity critical for soil development (Slim et al., 
2015; St. Clair et al., 2015). Another hypothesis for deep CZ develop
ment is through a bottom-up control due to the slow drainage of the 
water table. Draining water allows the drying of rock, creating an 
oxidizing setting rather than reducing. Additionally, it allows for biotic 
activity to enter and define the bedrock-soil interface (Rempe and Die
trich, 2014). On the other hand, erosion rates and fluid residence time 
may control CZ depth through accumulated chemical weathering. The 
downward advection of reactive water from surface inputs influences 
mineral weathering and lateral translocation of elements in the soil 
profile (Lebedeva and Brantley, 2013). This process would influence pH 
values with depth and thus organo-metal complex formation and 
percolation into the soil. By contrast, in some regions, frost weathering 
processes and thus temperature variations may exert a primary role in 
breaking down bedrock and soil development. (Anderson et al., 2013; 
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M ar s h all  et  al.,  2 0 1 5 ).  C o ol er  a n d  w ett er  e n vir o n m e nt s  t e n d  t o  f or m 

t hi c k er s oil s a n d l o w er O M c y cli n g a n d d e c o m p o siti o n r at e s. I n ot h er 

s etti n g s, t h e c o ntr a st i n t e m p er at ur e a n d w at er c o nt e nt d e p e n di n g o n 

hill sl o p e a s p e ct, r e s ult i n hi g h er S O C st o c k s o n n ort h-f a ci n g sl o p e s i n t h e 

n ort h er n h e mi s p h er e attri b ut e d t o d e cr e a s e d r a di ati o n a n d c o ntr a sti n g 

v e g et ati o n s p e ci e s a n d c o v er a g e ( C h e n et al., 2 0 1 6; G o d s e y et al., 2 0 1 8; 

L o z a n o- G ar cí a et al., 2 0 1 6; P att o n et al., 2 0 1 9 ). 

T h e c o ntr ol s o n s oil t hi c k n e s s a n d mi n er al o gi c al e v ol uti o n i n t h e C Z 

ar e k e y, fir st- or d er c o ntr ol s o n S O C d e n sit y a n d st o c k s. A s s oil s t hi c k e n 

t h e r at e of s oil pr o d u cti o n a n d w e at h eri n g d e cr e a s e s (H ei m s at h et al., 

1 9 9 7 ).  Pri or  t o  1 0 0  k yr,  t h e  a v er a g e  r at e  of  s oil  pr o fil e  d e e p e ni n g  i s 

~ 0. 0 2 m m / yr. Aft er 1 2 0 k yr, t h e C Z d e e p e n s at a mi ni m u m a v er a g e r at e 

of  ~ 0. 0 0 9  m m / yr.  Alt h o u g h  S O C  d e n sit y  v al u e s  ar e  l o w  i n  d e e p  s oil 

h ori z o n s  ( > 1 0 0  c m),  t h e  i nt e gr ati o n  o v er  s e v er al  m et er s  c a n  oft e n 

e x c e e d  t h e  S O C  o b s er v e d  i n  t h e  u p p er  3 0 – 1 0 0  c m  i n  t h e  S R C.  T h u s, 

i d e ntif yi n g a n d q u a ntif yi n g t h e f a ct or s t h at di ct at e t h e e v ol uti o n of s oil 

pr o p erti e s wit h ti m e a n d d e pt h a n d t h eir r el ati o n s hi p t o S O C d y n a mi c s 

i n v ari a bl e criti c al z o n e s c a n i nf or m S O C m o d eli n g. 

4. 3.  B e y o n d T err a c es: Br o a d er utilit y f or pr e di cti n g S O C i n er o di n g 

l a n ds c a p es 

I n c or p or ati n g g e o m or p hi c c o nt e xt a n d s oil d e pt h e sti m at e s i nt o t ot al 

S O C st o c k c al c ul ati o n s c a n s u b st a nti all y i m pr o v e u p o n pr e vi o u s st at e- of- 

t h e- art pr e di cti o n s a n d d at a b a s e s. F or e x a m pl e, S oil Gri d s (P o g gi o et al., 

2 0 2 1 ), a gl o b al s oil m o d el t h at u s e s d at a fr o m s oil pit s a n d r e gr e s si o n s t o 

d eri v e s oil pr o p erti e s, o nl y pr o vi d e s d at a f or s oil or g a ni c c ar b o n st o c k s 

i n t h e t o p 3 0 c m. F or o ur st u d y ar e a, S oil Gri d s pr e di ct s ~ 7. 5 t o 8. 0 k g C 

m − 2 , w hi c h ali g n s wit h o ur m e a s ur e m e nt s i n t h e t o p 3 0 c m. H o w e v er, 

si n c e s oil d e pt h a n d d e e p w e at h eri n g ar e n ot a c c o u nt e d f or, it n e gl e ct s 

d e e p S O C st o c k s, w hi c h c o ntri b ut e a si g ni fl c a nt a m o u nt of S O C i n t h e 

ol d er s oil s. 

F urt h er m or e, m a n y r e c e nt st u di es h a v e p oi nt e d t o t h e i m p ort a n c e of 

br e a ki n g t ot al S O C d o w n i nt o diff er e nt fr a cti o ns ( L a v all e e et al., 2 0 2 0; 

C otr uf o et al., 2 0 1 3, L e h m a n n a n d Kl e b er, 2 0 1 5 ). P O C, w hi c h c o nsists of 

pl a nt- d eri v e d or g a ni c m att er t e n ds t o b e r el ati v el y s h ort-li v e d as d e fl n e d 

b y y o u n g 1 4 C a g es ( < 1 0 y e ar) a n d is eit h er u n pr ot e ct e d or pr ot e ct e d vi a 

o c cl usi o n i n s oil a g gr e g at es ( R as m uss e n et al., 2 0 0 5; v o n L üt z o w et al., 

2 0 0 7 ). I n c o ntr ast, mi n er al- ass o ci at e d or g a ni c c ar b o n ( M A O C) is m a d e u p 

of s m all er, si m pl er c ar b o n c o m p o u n ds t h at c a n f or m or g a n o- mi n er al as -

s o ci ati o ns t h at h el p t o c h e mi c all y pr ot e ct c ar b o n fr o m d e c o m p ositi o n a n d 

dist ur b a n c e ( E ust er h u es et al., 2 0 0 3; Kl e b er et al., 2 0 1 5 ). Tr a c ki n g a n d 

m a p pi n g  t h e  p e d o g e ni c  e v ol uti o n  of  mi n er als  si g ni fl c a nt  f or  c h e mi c al 

pr ot e cti o n, s u c h as p e d o g e ni c F e a n d Al o xi d es, a cr oss c o m pl e x l a n ds c a p es 

c o ul d i m pr o v e n ot o nl y t ot al S O C st o c ks b ut fr a cti o ns M A O C a n d P O C. 

O ur  r e s ult s  s h o w  t h at  w e at h eri n g  p at h w a y s  a n d  t h e  e v ol uti o n  of 

mi n er al  s oil  c o m p o siti o n  i m p art  a  str o n g  i n fi u e n c e  o n  S O C  b ut  t h e 

q u a ntit ati v e  a p pli c ati o n  of  t h e s e  fi n di n g s  t o  er o si o n al  s etti n g s,  w hi c h 

d o mi n at e  m u c h  of  t h e  P a ci fi c  N ort h w e st,  i s  n o n-tri vi al.  I n  er o di n g 

l a n d s c a p e s,  mi n er al s  ar e  r e m o v e d  fr o m  t h e  s oil  c ol u m n  t hr o u g h  s oil 

tr a n s p ort  pr o c e s s e s  a n d  r e pl e ni s h e d  b y  s oil  pr o d u cti o n  fr o m  b e dr o c k 

(Y o o a n d M u d d, 2 0 0 8 ). A s a r e s ult, d et er mi ni n g t h e er o si o n r at e ( or s oil 

r e si d e n c e ti m e) t h at c orr e s p o n d s wit h o ur o b s er v e d S O C a n d P C M p e a k 

at 3 4 k yr r e q uir e s a d diti o n al a n al y s e s. M u d d a n d Y o o ( 2 0 1 0) e x pl or e t h e 

mi n er al  t ur n o v er,  a g e,  a n d  r e si d e n c e  ti m e  u si n g  f o ur  s c e n ari o s  wit h 

c o m bi n ati o n s of n o n- er o di n g, er o di n g, mi x e d, a n d u n mi x e d s oil s etti n g s. 

B e c a u s e  mi n er al  r e si d e n c e  ti m e  v ari e s  wit h  s oil  pr o d u cti o n  r at e  a n d 

s u s c e pti bilit y t o w e at h eri n g it d o e s n ot dir e ctl y e q u at e t o s oil a g e ( Y o o 

a n d M u d d, 2 0 0 8 ). R at h er, d u e t o d o w n w ar d pr o p a g ati o n of t h e w e at h -

eri n g fr o nt t h er e i s a r a n g e of mi n er al a g e s t h at e xi st s i n t h e s oil c ol u m n, 

wit h y o u n g fr e s h mi n er al s b ei n g i ntr o d u c e d at t h e e v ol vi n g s oil – b e dr o c k 

i nt erf a c e.  T h u s,  w e at h eri n g  r at e s  t h at  ar e  d eri v e d  fr o m  n o n- er o di n g 

s urf a c e s, s u c h a s t err a c e s, will t e n d t o o v er e sti m at e mi n er al r e si d e n c e 

ti m e w h e n dir e ctl y a p pli e d t o er o di n g sit e s. I n t h e c a s e of o ur S R C d at a, 

if w e a s s u m e a s oil t hi c k n e s s of 1 m a n d w e sti p ul at e t h at er o si o n r at e i s 

e q u al t o s oil t hi c k n e s s di vi d e d b y t h e s oil r e si d e n c e ti m e ( Al m o n d et al., 

2 0 0 7 ), t h e a v er a g e er o si o n r at e n e c e s s ar y t o d e v el o p a s oil wit h a s oil 

r e si d e n c e ti m e of 3 0 k yr ( w hi c h i s t h e s oil a g e a s s o ci at e d wit h p e a k P C M 

a n d S O C c o nt e nt i n t h e s h all o w s oil s) w o ul d b e ~ 0. 0 3 m m yr − 1 . H o w-

e v e r, d u e t o t h e s u p pl y of fr e s h m at eri al fr o m s oil pr o d u cti o n a n d t h e 

r e m o v al of ol d er mi n er al s o n hill sl o p e s t hr o u g h er o si o n, a s oil wit h t hi s 

er o si o n r at e o n a hill sl o p e w o ul d c o nt ai n a mi n er al a s s e m bl a g e wit h a n 

a g e di stri b uti o n s k e w e d y o u n g er t h a n a n o n- er o di n g s oil. T h u s, t h e p e a k 

i n  S O C  c o nt e nt  a n d  n o n- cr y st alli n e  mi n er al s  w o ul d  li k el y  c orr e s p o n d 

wit h er o di n g sl o p e s wit h er o si o n r at e s sl o w er t h a n 0. 0 3 m m yr − 1 . S y s-

t e m ati c a n al y si s a n d e xtr a p ol ati o n of o ur fi n di n g s f or er o di n g s c e n ari o s 

i s criti c al f or m a n a gi n g l a n d s c a p e s f or c ar b o n st or a g e p ot e nti al b ut i s 

b e y o n d t h e s c o p e of t hi s c o ntri b uti o n. 

5.  C o n cl u si o n s 

I n t hi s st u d y, w e i n v e sti g at e d h o w w e at h eri n g alt er s s oil g e o c h e m-

i str y / mi n er al a s s e m bl a g e s a n d i n fl u e n c e s S O C st or a g e. W e s y nt h e si z e d 

pr e vi o u s d at a ( Al m o n d et al., 2 0 0 7; Li n d e b ur g et al., 2 0 1 3 ) fr o m t h e S R C 

wit h  n e w  c al c ul ati o n s  of  c h e mi c al  m a s s  b al a n c e.  W e  c orr el at e d  t ot al 

S O C  st o c k s  a n d  S O C  c o n c e ntr ati o n s  fr o m  t hr e e  d e pt h  i nt er v al s  wit h 

g e o c h e mi c al a n d p h y si c al pr o p erti e s t o i d e ntif y t h e diff er e nt s oil pr o p -

erti e s t h at i n fi u e n c e S O C st or a g e at diff er e nt ti m e s c al e s. W e c o n cl u d e 

t h e f oll o wi n g:  

• A s s oil s a g e a n d w e at h er, P C M c o nt e nt i n s h all o w s oil s p e a k s at 3 0 

k yr, t h e n d e cli n e s a s a m or p h o u s p h a s e s ri p e n t o m or e cr y st alli n e F e 

a n d  Al p e d o g e ni c mi n er al s. S O C d e n sit y p o siti v el y  c orr el at e s wit h 

p o orl y cr y st alli n e mi n er al c o nt e nt.  

• Alt h o u g h n o n- cr y st alli n e Al a n d F e h a v e a str o n g c orr el ati o n wit h 

S O C  d e n sit y,  t h eir  d e cli n e  wit h  a g e  d o e s  n ot  di mi ni s h  t ot al  S O C 

st o c k s b e c a u s e d e e p b e dr o c k w e at h eri n g a n d i n cr e a si n g cl a y c o nt e nt 

i n cr e a s e t o pr o vi d e s p a c e f or S O C st or a g e at d e pt h d e s pit e l o w c ar-

b o n d e n siti e s. F or t h e ol d e st s oil s i n o ur c hr o n o s e q u e n c e ( T 7), d e e p 

S O C ( > 1 m) c o n stit ut e s > 4 0 % of t h e S O C i n v e nt or y d e s pit e s h a vi n g 

< 1 % c ar b o n f or e a c h u nit of s oil m a s s.  

• T h e ti m e s c al e at w hi c h S O C d e n siti e s p e a k i n s h all o w a n d d e e p s oil s 

i s li k el y al s o d e p e n d e nt o n cli m at e a n d p ar e nt m at eri al w hi c h c o ntr ol 

t h e r at e of w e at h eri n g. 

T h e a bilit y  t o pr e di ct  d e e p  S O C i s  p artl y  li mit e d  b y  o ur  a bilit y t o 

pr e di ct a n d a c c ur at el y i d e ntif y w h er e d e e p s oil s e xi st. A n al y zi n g h o w 

Fi g. 9. S c h e m ati c of t h e e v ol uti o n of s oil pr o p erti e s pr o mi n e n c e a n d fr a cti o n s 

of S O C st o c k st or e d i n d e pt h i nt er v al s. S oil pr o fil e d e pt h ( s h o w n b y l e n gt h of 

c ol u m n) i n cr e a s e s wit h s oil a g e. A s s oil s a g e, “ d e e p ” S O C b el o w 1 0 0 c m, r e p -

r e s e nt e d b y li g ht br o w n, m a k e s u p a gr e at er fr a cti o n of t h e t ot al S O C st or a g e. 

P o orl y cr y st alli n e mi n er al s pl a y a n i m p ort a nt r ol e i n S O C st or a g e f or s oil s of 

~ 1 0 k yr. I n cr e a si n g s oil d e pt h a n d cl a y c o nt e nt i n t h e ol d e st s oil s cr e at e s m or e 

s p a c e f or S O C st or a g e. 
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1 4

e xtr a ct a bl e Al a n d F e c o nt e nt i n a d diti o n t o s oil t e xt ur e r el at e t o S O C 

st or a g e wit h s oil a g e at v ari a bl e d e pt h, i s criti c al t o i m pr o vi n g o ur a bilit y 

t o  pr e di ct  h o w  w ell  ( a n d  h o w  m u c h)  c ar b o n  st or a g e  p ot e nti al  e xi st s. 

C o n n e cti n g g e o m or p hi c t h e or y a n d s oil d e v el o p m e nt m o d el s will h el p 

i nf or m w h er e d e e p sl o wl y er o di n g s oil s ar e l o c at e d a n d h o w m u c h S O C 

c o ul d b e t h er e. D et er mi ni n g t h e ti m e s c al e s of w e at h eri n g pr o d u ct s t h at 

r e g ul at e S O C st or a g e p ot e nti al m oti v at e s n e w w or k t o c o u pl e g e o m or -

p hi c,  g e o c h e mi c al,  a n d  bi ol o gi c al  m o d el s  f or  l a n d  m a n a g e m e nt  pr a c -

ti c e s t h at o pti mi z e f or S O C st or a g e. 

D e cl a r ati o n of C o m p eti n g I nt e r e st 

T h e a ut h or s d e cl ar e t h at t h e y h a v e n o k n o w n c o m p eti n g fi n a n ci al 

i nt er e st s or p er s o n al r el ati o n s hi p s t h at c o ul d h a v e a p p e ar e d t o i n fi u e n c e 

t h e w or k r e p ort e d i n t hi s p a p er. 

D at a a v ail a bilit y 

D at a will b e m a d e a v ail a bl e o n r e q u e st. 

A c k n o wl e d g m e nt 

T h e  a ut h or s  t h a n k  t w o  a n o n y m o u s  r e vi e w er s  f or  f e e d b a c k  t h at 

i m pr o v e d t h e m a n u s cri pt. T hi s w or k w a s s u p p ort e d b y N S F Di vi si o n of 

E art h S ci e n c e s ( E A R) Cli m at e gr a nt # 2 1 3 6 9 3 4 a w ar d e d t o J. R o eri n g 

a n d L. Sil v a. 

A p p e n di x   

Fi g.  A 1. A n n ot at e d  p h ot o  of  T err a c e  1.  T 1 a  (t o p)  i s  li g ht  i n  c ol or,  c o ar s e, 

s a n d y, a n d r el ati v el y u n w e at h er e d m at eri al. T 1 b i s t h e flr st b uri e d s oil a n d i s 

m u c h d ar k er i n c ol or a n d c o m p o s e d of fl n er gr ai n e d m atri x. 

Fi g. B 1. D e pt h w ei g ht e d a v er a g e s o v er ti m e f or o x al at e ( Al o - pi n k tri a n gl e), 

a n d s o di u m p yr o p h o s p h at e ( Al p - or a n g e s q u ar e) e xtr a cti o n s f or d e pt h i nt er v al s 

0 – 3 0 ( A), 3 0 – 1 0 0 ( B), a n d > 1 0 0 c m ( C). P o orl y cr y st alli n e Al mi n er al s ( P C M s), 

a p pr o xi m at e d b y Al o, a n d or g a n o- m et al c o m pl e x e s ( Al p) p e a k i n b ot h t h e 0 – 3 0 

a n d 3 0 – 1 0 0 c m i nt er v al s ~ 3 0 – 9 0 k yr, t h e n d e cli n e wit h t err a c e a g e. 
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1 5

Fi g. C 1. C al c ul at e d S O C d e n sit y ( g c m − 3 ) v e r s u s d e pt h ( c m) f or e a c h t err a c e. D at a ar e c ol or e d a n d s h a p e d b y t err a c e a g e. P ull o ut fi g ur e s h o w s s oil s o nl y i n t h e t o p 

1 0 0 c m. 
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1 6

Fi g. D 1. S O C d e n sit y ( k g m − 3 ) v s Al p ( g k g − 1 ) ( A, C, a n d E) a n d Al o ( g k g − 1 ) ( B, D, a n d F) e xtr a cti o n s fr o m all t err a c e s a n d s oil l a y er s f or s oil i nt er v al s 0 – 3 0 ( A a n d 

B), 3 0 – 1 0 0 ( C a n d D), a n d > 1 0 0 c m ( E a n d F). D at a ar e c ol or e d a n d s h a p e d b y t err a c e a g e. 
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Table A1 
Field (bulk density) and lab (pH, CEC, SOC%, SON%, and C:N) measurements from Almond et al. (2007) and Lindeburg et al., 2013 for SOC density (kg m 3), soil depth 
intervals (0 30, 30 100, and 100 cm) stocks, and total SOC stock (kg m 2) calculations from this study. SOC stocks in Table 2 were calculated by multiplying the 
horizon interval SOC density by the horizon thickness. Bolded rows were inserted to set firm boundaries for intervals (0 30, 30 100, and 100 cm). Horizons that 
spanned interval boundaries were split into two and layer thickness was adjusted appropriately.  

. 
Terrace 

Age 
(kyr) 

Horizon Increment 
(cm) 

Center Depth 
(cm) 

Layer Thickness Used 
(cm) 

BD (g 
cm3) 

pH CEC (cmolc 
kg 1) 

SOC 
% 

SON 
% 

SOC Density (kg 
m3) 

T1a 0.041 0 10 0 0  0.91  5.4  11.49  1.00 0.04  9.16 
0 10 5 10  0.91  5.4  11.49  1.00 0.04  9.16 
10 25 17.5 15  1.23  5.6  13.16  0.39 0.02  4.81 
25 30 27.5 5  1.15  5.7  15.52  0.57 0.02  6.54 
30 35 32.5 5  1.15  5.7  15.52  0.57 0.02  6.54 
35 40 37.5 5  1.16  5.6  15.32  0.63 0.02  7.35 
35 40 40 0  1.16  5.6  15.32  0.63 0.02  7.35 

T1b 1 0 13 0 0  1.06  5.2  21.51  1.71 0.10  18.11 
0 13 6.5 13  1.06  5.2  21.51  1.71 0.10  18.11 
13 30 21.5 17  0.49  4.9  19.82  1.32 0.09  6.42 
30 35 32.5 5  0.49  4.9  19.82  1.32 0.09  6.42 
35 47 41 12  1.20  5.1  18.13  1.13 0.08  13.56 
47 67 57 20  1.22  5.5  13.14  0.57 0.02  6.91 
47 67 67 0  1.22  5.5  13.14  0.57 0.02  6.91 

T2 30 0 7 0 0  0.63  4.9  47.92  9.91 0.45  62.34 
0 7 3.5 7  0.63  4.9  47.92  9.91 0.45  62.34 
7 30 18.5 23  0.89  4.8  39.41  4.84 0.20  43.07 
30 38 34 8  0.89  4.8  39.41  4.84 0.20  43.07 
38 88 63 50  1.04  4.9  24.54  1.36 0.04  14.02 
88 100 94 12  1.10  4.9  24.41  0.53 0.00  5.89 
100 109 104.5 9  1.10  4.9  24.41  0.53 0.00  5.89 
109 122 115.5 13  1.30  4.9  22.57  0.45 *  5.86 
122 146 134 24  1.19  5.3  17.48  0.15 *  1.78 
146 230 188 84  1.19  5.3  17.48  0.15 *  1.78 
146 230 230 0  1.19  5.3  17.48  0.15 *  1.78 

T3 69 0 28 0 0  1.01  5  29.53  3.87 0.10  38.91 
0 28 14 28  1.01  5  29.53  3.87 0.10  38.91 
28 30 29 2  1.23  5  17.54  1.06 0.02  13.08 
30 44 37 14  1.23  5  17.54  1.06 0.02  13.08 
44 68 56 24  1.15  5  16.22  0.57 *  6.53 
68 100 84 32  1.16  5.1  15.56  0.30 *  3.46 
100 113 106.5 13  1.16  5.1  15.56  0.30 *  3.46 
113 200 156.5 87  1.34  4.8  18.38  0.24 *  3.16 
200 245 222.5 45  1.47  4.9  12.59  0.14 *  2.05 
245 260 252.5 15  1.47  4.9  12.59  0.14 *  2.05 
245 260 260 0  1.47  4.9  12.59  0.14 *  2.05 

T4 140 0 28 0 0  0.99  5  29.32  1.64 0.04  16.19 
0 28 14 28  0.99  5  29.32  1.64 0.04  16.19 
28 30 29 2  1.00  4.9  20.61  1.71 0.03  17.21 
30 42 36 12  1.00  4.9  20.61  1.71 0.03  17.21 
42 75 58.5 33  1.13  5.2  16.58  0.72 *  8.17 
75 100 87.5 25  1.43  5.2  14.86  0.33 *  4.64 
100 120 110 20  1.43  5.2  14.86  0.33 *  4.64 
120 190 155 70  1.14  5.1  15.43  0.21 *  2.35 
190 240 215 50  1.34  5.1  18.81  0.18 *  2.45 
240 270 255 30  1.43  5.1  24.50  0.12 *  1.71 
270 310 290 40  1.46  5  22.98  0.12 *  1.75 
270 310 310 0  1.46  5  22.98  0.12 *  1.75 

T5 200 0 21 0 0  0.82  5.2  29.74  5.27 0.15  43.23 
0 21 10.5 21  0.82  5.2  29.74  5.27 0.15  43.23 
21 30 25.5 9  1.04  5.1  22.95  2.65 0.05  27.64 
30 50 40 20  1.04  5.1  22.95  2.65 0.05  27.64 
50 100 75 50  1.20  5.2  17.68  0.74 0.01  8.94 
100 100 100 0  1.26  5  16.37  0.25 *  3.21 
100 100 100 0  1.20  5.2  17.68  0.74 0.01  8.94 
100 170 135 70  1.26  5  16.37  0.25 *  3.21 
170 200 185 30  1.30  4.7  14.82  0.19 *  2.41 
200 400 300 200  1.34  4.7  16.35  0.15 *  2.06 
400 460 430 60  1.33  4.9  10.56  0.08 *  1.12 
400 460 460 0  1.33  4.9  10.56  0.08 *  1.12 

T6 908 0 8 0 0  1.12  5  20.66  2.74 0.06  30.79 
0 8 4 8  1.12  5  20.66  2.74 0.06  30.79 
8 30 19 22  1.10  5.2  21.33  2.31 0.04  25.34 
30 39 34.5 9  1.10  5.2  21.33  2.31 0.04  25.34 
39 92 65.5 53  1.01  5.3  20.94  0.97 0.02  9.74 
92 100 96 8  1.04  4.8  17.54  0.48 *  5.01 
100 192 146 92  1.04  4.8  17.54  0.48 *  5.01 
192 232 212 40  1.35  5.1  20.91  0.32 *  4.33 
232 262 247 30  1.16  4.9  20.37  0.27 *  3.12 
262 342 302 80  1.55  4.6  19.84  0.22 *  3.38 

(continued on next page) 
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Table A1 (continued ) 

. 
Terrace 

Age 
(kyr) 

Horizon Increment 
(cm) 

Center Depth 
(cm) 

Layer Thickness Used 
(cm) 

BD (g 
cm3) 

pH CEC (cmolc 
kg 1) 

SOC 
% 

SON 
% 

SOC Density (kg 
m3) 

342 392 367 50  1.42  4.8  21.37  0.05 *  0.68 
392 422 407 30  1.20  4.8  20.06  0.06 *  0.69 
422 432 427 10  1.14  4.8  22.98  0.06 *  0.72 
432 910 671 478  1.23  4.7  21.43  0.08 *  0.97 
432 910 910 0  1.23  4.7  21.43  0.08 *  0.97 

T7 990 0 20 0 0  0.78  4.9  33.91  5.22 0.18  40.48 
0 20 10 20  0.78  4.9  33.91  5.22 0.18  40.48 
20 30 25 10  1.02  5  27.70  2.90 0.09  29.65 
30 37 33.5 7  1.02  5  27.70  2.90 0.09  29.65 
37 73 55 36  1.11  5.2  14.69  1.14 0.03  12.68 
73 100 86.5 27  1.23  4.9  14.38  0.36 0.02  4.43 
100 140 120 40  1.23  4.9  14.38  0.36 0.02  4.43 
140 190 165 50  1.17  5  15.25  0.26 0.00  3.05 
190 270 230 80  1.29  5  16.15  0.19 0.01  2.49 
270 340 305 70  1.40  4.9  16.43  0.11 *  1.48 
340 400 370 60  1.34  4.8  17.29  0.09 *  1.25 
400 500 450 100  1.31  4.8  18.13  0.09 *  1.15 
500 950 725 450  1.30  4.7  19.40  0.07 0  0.85 
950 1090 1020 140  1.72  4.9  20.92  0.04 0.02  0.73 
950 1090 1090 0  1.72  4.9  20.92  0.04 0.02  0.73  

Table B1 
Fe extraction data for T1a-T7. Bolded rows were inserted to set firm boundaries for intervals (0 30, 30 100, and 100 cm). Horizons that spanned interval boundaries 
were split into two and layer thickness was adjusted appropriately.  

Terrace Age 
(kyr) 

Horizon 
Increment (cm) 

Center Depth 
(cm) 

Layer Thickness 
Used (cm) 

Fep (g 
kg 1) 

DWA STD Feo (g 
kg 1) 

DWA STD Fed (g 
kg 1) 

DWA STD 

T1a 0.041 0 10 0 0  0.519 0.402 0.102  2.033 2.406 0.504  4.894 4.85 0.26 
0 10 5 10  0.519  2.033  4.894 
10 25 17.5 15  0.284  2.368  4.648 
25 30 27.5 5  0.523  3.265  5.367 
30 35 32.5 5  0.523 0.539 0.015  3.265 3.298 0.031  5.367 5.38 0.01 
35 40 37.5 5  0.555  3.331  5.394 
35 40 40 0  0.555  3.331  5.394 

T1b 1 0 13 0 0  1.883 2.102 0.18  4.491 4.454 0.03  8.959 9.33 0.31 
0 13 6.5 13  1.883  4.491  8.959 
13 30 21.5 17  2.269  4.426  9.614 
30 35 32.5 5  2.269 1.608 0.67  4.426 3.432 0.87  9.614 8.555 1.17 
35 47 41 12  2.377  4.34  9.945 
47 67 57 20  0.982  2.639  7.457 
47 67 67 0  0.982  2.639  7.457 

T2 30 0 7 0 0  6.058 4.368 1.04  11.204 12.18 0.6  22.563 22.75 0.11 
0 7 3.5 7  6.058  11.204  22.563 
7 30 18.5 23  3.854  12.475  22.802 
30 38 34 8  3.854 1.392 1.39  12.475 8.942 2.75  22.802 22.72 0.72 
38 88 63 50  1.163  9.145  23.022 
88 100 94 12  0.706  5.741  21.393 
100 109 104.5 9  0.706 0.24 0.2  5.741 3.722 0.89  21.393 6.66 6.28 
109 122 115.5 13  0.255  3.341  8.753 
122 146 134 24  0.199  3.6  5.18 
146 230 188 84  0.199  3.6  5.18 
146 230 230 0  0.199  3.6  5.18  

Terrace Age 
(kyr) 

Horizon 
Increment (cm) 

Center Depth 
(cm) 

Layer Thickness 
Used (cm) 

Fep (g 
kg 1) 

DWA STD Feo (g 
kg 1) 

DWA STD Fed (g 
kg 1) 

DWA STD 

T3 69 0 28 0 0  1.848 1.76 0.62  9.805 9.505 2.12  26.533 26.71 1.27 
0 28 14 28  1.848  9.805  26.533 
28 30 29 2  0.532  5.307  29.217 
30 44 37 14  0.532 0.399 0.08  5.307 3.852 0.86  29.217 30.88 0.99 
44 68 56 24  0.387  3.648  30.95 
68 100 84 32  0.35  3.369  31.55 
100 113 106.5 13  0.35 0.581 0.18  3.369 2.365 0.54  31.55 25.64 2.54 
113 200 156.5 87  0.478  2.484  25.011 
200 245 222.5 45  0.78  1.976  25.284 
245 260 252.5 15  0.78  1.976  25.284 
245 260 260 0  0.78  1.976  25.284 

(continued on next page) 
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Table B1 (continued ) 

Terrace Age 
(kyr) 

Horizon 
Increment (cm) 

Center Depth 
(cm) 

Layer Thickness 
Used (cm) 

Fep (g 
kg 1) 

DWA STD Feo (g 
kg 1) 

DWA STD Fed (g 
kg 1) 

DWA STD 

T4 140 0 28 0 0  2.772 2.644 0.91  8.912 8.785 0.9  33.406 33.43 0.15 
0 28 14 28  2.772  8.912  33.406 
28 30 29 2  0.847  7.013  33.73 
30 42 36 12  0.847 0.403 0.28  7.013 5.513 0.89  33.73 38.09 3.35 
42 75 58.5 33  0.171  5.395  36.812 
75 100 87.5 25  0.497  4.95  41.86 
100 120 110 20  0.497 0.767 0.26  4.95 4.735 0.55  41.86 41.31 0.66 
120 190 155 70  1.168  3.857  42.2 
190 240 215 50  0.743  5.76  40.855 
240 270 255 30  0.461  4.819  40.594 
270 310 290 40  0.461  4.819  40.594 
270 310 310 0  0.461  4.819  40.594  

Terrace Age 
(kyr) 

Horizon 
Increment (cm) 

Center Depth 
(cm) 

Layer Thickness 
Used (cm) 

Fep (g 
kg 1) 

DWA STD Feo (g 
kg 1) 

DWA STD Fed (g 
kg 1) 

DWA STD 

T5 200 0 21 0 0 5.179 4.254 1.45  7.331 6.71 0.98  45.97 45.69 0.44 
0 21 10.5 21 5.179  7.331  45.97 
21 30 25.5 9 2.097  5.26  45.028 
30 50 40 20 2.097 1.108 0.74  5.26 5.21 0.31  45.028 55.88 6.52 
50 100 75 50 0.712  5.19  60.22 
100 100 100 0 0.389  4.563  56.897 
100 100 100 0 0.712 0.383 0.27  5.19 4.09 0.59  60.22 43.17 10.9 
100 170 135 70 0.389  4.563  56.897 
170 200 185 30 0.368  4.416  47.787 
200 400 300 200 0  4.047  40.883 
400 460 430 60 0  3.519  32.445 
400 460 460 0 0  3.519  32.445 

T6 908 0 8 0 0 2.355 2.389 0.02  3.135 3.097 0.02  47.787 52.73 3.18 
0 8 4 8 2.355  3.135  47.787 
8 30 19 22 2.401  3.083  54.529 
30 39 34.5 9 2.401 1.05 0.85  3.083 3.268 0.21  54.529 69.64 7.75 
39 92 65.5 53 0.917  3.252  73.369 
92 100 96 8 0.408  3.582  61.912 
100 192 146 92 0.408 0.223 0.09  3.582 2.45 0.85  61.912 31.65 11 
192 232 212 40 0.18  1.93  36.08 
232 262 247 30 0.266  1.473  37.884 
262 342 302 80 0.353  1.017  39.688 
342 392 367 50 0.173  1.136  31.458 
392 422 407 30 0.173  1.136  31.458 
422 432 427 10 0.175  1.971  27.647 
432 910 671 478 0.176  2.806  23.836 
432 910 910 0 0.176    2.806  23.836   

Age 
(kyr) 

Horizon Increment 
(cm) 

Center Depth 
(cm) 

Layer Thickness Used 
(cm) 

Fep (g 
kg 1) 

DWA STD Feo (g 
kg 1) 

DWA STD Fed (g 
kg 1) 

DWA STD 

T7 990 0 20 0 0 2.726 2.455 0.38  4.197 3.965 0.33  43.528 47.72 5.93 
0 20 10 20 2.726  4.197  43.528 
20 30 25 10 1.913  3.5  56.102 
30 37 33.5 7 1.913 0.599 0.73  3.5 2.362 0.76  56.102 44.43 13.5 
37 73 55 36 0.67  1.68  29.972 
73 100 86.5 27 0.164  2.976  60.681 
100 140 120 40 0.164 0.164 0.05  2.976 2.48 0.3  60.681 54.21 3.04 
140 190 165 50 0  3.05  56.299 
190 270 230 80 0  2.233  50.037 
270 340 305 70 0  2.179  51.163 
340 400 370 60 0  2.179  51.163 
400 500 450 100 0  2.495  54.747 
500 950 725 450 0  2.495  54.747 
950 1090 1020 140 0  2.495  54.747 
950 1090 1090 0 0  2.495  54.747  
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Table C1 
Al extraction data for T1a-T7. Bolded rows were inserted to set firm boundaries for intervals (0 30, 30 100, and 100 cm). Horizons that spanned interval boundaries 
were split into two and layer thickness was adjusted appropriately.  

Terrace Age (kyr) Horizon Increment (cm) Center Depth (cm) Layer Thickness Used (cm) Alp (g kg 1) DWA STD Alo (g kg 1) DWA STD 

T1a 0.041 0 10 0 0  1.038 1.172 0.110  1.734 2.084 0.251 
0 10 5 10  1.038  1.734 
10 25 17.5 15  1.298  2.292 
25 30 27.5 5  1.059  2.161 
30 35 32.5 5  1.059 1.081 0.021  2.161 2.183 0.020 
35 40 37.5 5  1.103  2.204 
35 40 40 0  1.103  2.204 

T1b 1 0 13 0 0  2.202 2.483 0.234  3.05 3.233 0.152 
0 13 6.5 13  2.202  3.05 
13 30 21.5 17  2.698  3.373 
30 35 32.5 5  2.698 2.683 0.246  3.373 3.715 0.180 
35 47 41 12  3.057  3.695 
47 67 57 20  2.455  3.813 
47 67 67 0  2.455  3.813 

T2 30 0 7 0 0  11.769 11.509 0.160  14.13 15.203 0.659 
0 7 3.5 7  11.769  14.13 
7 30 18.5 23  11.43  15.529 
30 38 34 8  11.43 5.276 3.670  15.529 11.083 2.975 
38 88 63 50  4.88  11.037 
88 100 94 12  2.824  8.313 
100 109 104.5 9  2.824 2.723 0.218  8.313 8.005 0.135 
109 122 115.5 13  3.218  7.953 
122 146 134 24  2.655  7.985 
146 230 188 84  2.655  7.985 
146 230 230 0  2.655  7.985  

Terrace Age (kyr) Horizon Increment (cm) Center Depth (cm) Layer Thickness Used (cm) Alp (g kg 1) DWA STD Alo (g kg 1) DWA STD 

T3 69 0 28 0 0  13.407 13.174 1.645  12.721 12.600 0.853 
0 28 14 28  13.407  12.721 
28 30 29 2  9.918  10.911 
30 44 37 14  9.918 5.409 2.843  10.911 8.578 1.372 
44 68 56 24  6.028  8.064 
68 100 84 32  2.971  7.942 
100 113 106.5 13  2.971 3.240 0.160  7.942 5.169 1.936 
113 200 156.5 87  3.188  6.081 
200 245 222.5 45  3.375  3.247 
245 260 252.5 15  3.375  3.247 
245 260 260 0  3.375  3.247 

T4 140 0 28 0 0  9.159 8.901 1.827  10.139 10.231 0.652 
0 28 14 28  9.159  10.139 
28 30 29 2  5.283  11.523 
30 42 36 12  5.283 3.640 0.953  11.523 9.363 1.786 
42 75 58.5 33  3.434  10.181 
75 100 87.5 25  3.123  7.247 
100 120 110 20  3.123 1.795 0.679  7.247 3.846 1.467 
120 190 155 70  2.238  3.742 
190 240 215 50  1.042  3.6 
240 270 255 30  1.511  3.155 
270 310 290 40  1.511  3.155 
270 310 310 0  1.511  3.155 
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Terrace Age (kyr) Horizon Increment (cm) Center Depth (cm) Layer Thickness Used (cm) Alp (g kg 1) DWA STD Alo (g kg 1) DWA STD 

T5 200 0 21 0 0  10.259 9.030 1.932  11.759 11.205 0.870 
0 21 10.5 21  10.259  11.759 
21 30 25.5 9  6.161  9.914 
30 50 40 20  6.161 5.533 1.359  9.914 7.070 2.475 
50 100 75 50  5.282  5.933 
100 100 100 0  2.941  3.963 
100 100 100 0  5.282 1.739 1.537  5.933 3.416 0.977 
100 170 135 70  2.941  3.963 
170 200 185 30  0.458  3.312 
200 400 300 200  1.546  3.297 
400 460 430 60  1.62  3.226 
400 460 460 0  1.62  3.226 

T6 908 0 8 0 0  6.132 6.251 0.076  6.857 7.065 0.134 
0 8 4 8  6.132  6.857 
8 30 19 22  6.294  7.141 
30 39 34.5 9  6.294 4.715 1.940  7.141 5.589 0.773 
39 92 65.5 53  4.908  5.268 
92 100 96 8  1.664  5.97 
100 192 146 92  1.664 2.237 0.301  5.97 2.948 1.344 
192 232 212 40  2.88  5.478 
232 262 247 30  2.499  3.935 
262 342 302 80  2.118  2.392 
342 392 367 50  2.25  2.93 
392 422 407 30  2.25  2.93 
422 432 427 10  2.272  2.563 
432 910 671 478  2.294  2.196 
432 910 910 0  2.294  2.196  

Terrace Age (kyr) Horizon Increment (cm) Center Depth (cm) Layer Thickness Used (cm) Alp (g kg 1) DWA STD Alo (g kg 1) DWA STD 

T7 990 0 20 0 0  7.526 6.846 0.962  9.608 9.440 0.238 
0 20 10 20  7.526  9.608 
20 30 25 10  5.486  9.104 
30 37 33.5 7  5.486 1.873 1.895  9.104 3.642 2.866 
37 73 55 36  1.498  2.488 
73 100 86.5 27  1.437  3.764 
100 140 120 40  1.437 1.669 0.225  3.764 2.482 0.415 
140 190 165 50  1.212  2.572 
190 270 230 80  1.398  2.508 
270 340 305 70  1.385  2.552 
340 400 370 60  1.385  2.552 
400 500 450 100  1.8  2.385 
500 950 725 450  1.8  2.385 
950 1090 1020 140  1.8  2.385 
950 1090 1090 0  1.8  2.385  
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